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The search for cellulosic based products as a viable alternative for petroleum-
based products was the impetus for covalently crosslinking lignocellulosic fibers and 
nanocellulose whiskers with poly(methyl vinyl ether) co maleic acid (PMVEMA)– 
polyethylene glycol (PEG).  The lignocellulosics used were ECF bleached softwood 
(pine) and ECF bleached birch kraft pulp.  The crosslinking of the PMVEMA to 
hardwood and softwood kraft ECF bleached pulp fibers resulted in enhanced water 
absorbing pulp fibers where the PMVEMA is grafted onto the surface of the fibers.  The 
main goal was to determine how to improve water absorption and retention of these 
fibers.  The crosslinking was initiated both thermally and via microwave irradiation and 
the water absorption and water retention was measured as the percent of grafted 
PMVEMA.  This was the first application of microwave crosslinking of pulp fibers with 
the goal of creating water absorbing pulp fibers.  Ultimately, the water absorption values 
ranged from 28.70 g water per g dry crosslinked pulp fiber (g/g) to 230.10 g/g and the 
water retention values ranged from 26% to 71% of the water retained that was absorbed 
by the crosslinked pulp fibers.  The microwave initiated crosslinked fibers had 
comparable results to the thermally crosslinked fibers with a decreased reaction time, 
from 6.50 min (thermal) to 1 min 45 sec (microwave).   
Cellulose nanowhiskers, crystalline rods of cellulose, have been investigated due 
to their unique properties.  These range from physical properties including nanoscale 
dimensions, low density, high surface area, mechanical strength, and surface morphology 
to their surface chemistry and numerous reaction possibilities, to the practical in that they 
can be made from a variety of local renewable biodegradable cellulose sources – both 
 xx 
woody and non-woody resources.  The incorporation of cellulose whiskers into a matrix 
has been conducted by different mixing methods, primarily via solution casting and 
extrusion.  Prior to this study, the crosslinking of cellulose whiskers incorporated with the 
matrix via solution casting of liquid suspensions of whiskers and matrix had not been 
explored.  The hypothesis to be investigated was that incorporating cellulosic whiskers 
with the PMVEMA-PEG matrix and crosslinking the whiskers with the matrix would 
yield films that demonstrate unique properties when compared to prior work of 
crosslinking of PMVEMA-PEG to macroscopic ECF bleached kraft pulp fibers.    
Solution cast composites of cellulose nanowhiskers-PMVEMA-PEG were 
crosslinked at 135 °C for 6.5 min and analyzed for crosslinking, thermal stability, 
strength and mechanical properties, whisker dispersion, and water absorption and uptake 
rates.  The whisker-composites demonstrated unique properties upon crosslinking the 
whiskers with PMVEMA-PEG, especially the elongation at break and tensile strength 
upon conditioning of the final materials at various relative humidities.  In addition, the 
whiskers improved the thermal stability of the PMVEMA-PEG matrix.  This is 
significant as methods of improving processing thermal stability are key to developing 
new materials that utilize cellulose whiskers, PMVEMA, and PEG.  This thesis addresses 
the hypothesis that cellulose nanowhiskers that are crosslinked with a matrix can create 
new whisker-matrix composites that behave differently after crosslinking.  Prior to this 
thesis project, no-one had addressed the covalent crosslinking of the whiskers with the 
matrix.  This thesis also tests the hypothesis that water absorption and retention can be 
improved by grafting PMVEMA-PEG to the surface of ECF bleached kraft pulp 
hardwood and softwood fibers via microwave initiated crosslinking.   
 
1 
CHAPTER 1  
 INTRODUCTION 
 
 Demand for products that utilize biorenewable materials is increasing from 
consumers, industry, government, and the military [1-4].  This is driven by the goal for 
less reliance on petroleum market fluctuations and the realization that petroleum is a 
finite resource.  However, these new products must also compete favorably on 
performance and price when compared to the existing product lines.  Cellulose is one 
biorenewable material that has shown great potential in meeting these demands.  
Cellulose is the most abundant biopolymer, with estimates of production ranging from 
7.5 x 1010 to 1011 tons annually [5, 6].   
 Cellulose sources range from woody plants (lignocellulose) to grassy plants to 
bacterial, algal and animal sources.  However, lignocellulose sources have emerged as a 
promising feedstock due to the lesser impact on other traditional uses for other sources, 
most importantly cellulose sources commonly used for human or animal food supplies 
such as corn.    Cellulose has been used by human society for thousands of years, as 
wood, cotton, hemp, linen, as building supplies, as rope, as material for cloth, and for 
paper products.  Despite this, new research on cellulose materials chemistry is required in 
order to fundamentally understand how this biopolymer can be manipulated to meet this 
growing demand.  Cellulose nanowhiskers especially show great promise due to their 
mechanical properties, especially with high aspect ratio, low density (1.6 g/cm3), surface 
functionalization potential, and a greater axial elastic modulus than Kevlar -49 [7-10].   
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 With this in mind, this thesis explores utilizing lignocellulose-sourced cellulosic 
materials, primarily as kraft pulp fully bleached sourced fibers and as cellulose 
nanowhiskers, in creating novel water absorbing crosslinked materials.  One method to 
improve water absorbency is explored in this thesis.  This thesis describes the potential 
enhancement of water absorbency properties and compares the chemistry of thermal- and 
microwave-assisted reactions of poly(methyl vinyl ether co – maleic acid) (PMVEMA), 
polyethylene glycol, and birch pulp fibers and softwood pulp fibers.  In addition, 
cellulose whiskers were crosslinked with the PMVEMA and polyethylene glycol to form 
a new film-based biomaterial.  These films were characterized physically, chemically, 
and with regard to water absorption kinetics.  The behavior of the prepared 
lignocellulosics-based materials demonstrates how the size of the starting lignocellulosics 
fibers can affect the properties of the new material.   
 This dissertation is organized in the following manner.  Chapter 2 presents an 
overview of the literature related to cellulosic modification, both in the creation of 
cellulose nanowhiskers as well as subsequent chemical modifications.  Chapter 3 defines 
the methods and materials used in the experimental exploration of this topic.  Chapter 4 
and Chapter 5 compare the grafting of PMVEMA and PEG to wood pulps via microwave 
and thermal techniques.  The results indicate that microwave initiated crosslinking of 
PMVEMA-PEG to fully bleached kraft pulp fibers results in a shorter reaction time with 
similar to improved properties when compared to the thermal initiated crosslinked fibers.  
Chapter 6 introduces the in situ grafting of cellulose whiskers with PMVEMA and PEG 
through the formation of solution-cast films and is the first published work to have done 
so.  Chapter 7 describes the grafting chemistry using NMR techniques as well as 
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comparing the mechanical properties of the cellulose whisker-PMVEMA-PEG films 
conditioned at three different relative humidities.  Chapter 8 and Chapter 9 further 
characterize the fundamental material properties of the crosslinked cellulose whiskers via 
thermogravitmetric analysis and traditional water absorption kinetics.  Finally, the overall 
results from this dissertation are summarized and future areas of research in this field are 
proposed. 
 
The major objectives of this research are summarized as follows:  
1) Evaluate the efficacy of microwave crosslinking with fully bleached kraft pulp 
fibers when compared to thermal crosslinking using FT-IR spectroscopy and 
gravimetric water absorption techniques 
2) Develop a procedure for in situ crosslinking of cellulose whiskers with a 
polymeric matrix 
3) Characterize the fundamental chemistry of the crosslinking reaction between the 
cellulose, PMVEMA, and PEG with NMR spectroscopy  
4) Characterize the mechanical properties and water sorption properties of the 








CHAPTER TWO  
LITERATURE REVIEW 
 
2.1 Problem Statement. 
 
This body of work focuses primarily on modifying various lignocellulosics to 
increase water absorbency. A necessary general introduction of the source of these 
lignocellulosic starting materials is presented first.    Next, the research that has been 
successful in crosslinking the surface of the lignocellulosic fibers to enhance the water 
absorption of the fiber-polymer is presented.  The use of microwave technology as a 
source of energy to induce chemical and physical changes in lignocellulosic fibers will be 
presented as an alternative to thermal heating. This will show that there was an opening 
in the research to compare the results of thermal and microwave crosslinking of pulp 
fibers with a large chain polymer to enhance the water absorption of the pulp fibers.  
Microwave-induced reactions with cellulose will be discussed.  Finally, the preparation, 
properties, and uses of cellulose whiskers will be presented to show the depth of work 
prior to this thesis study that explored the crosslinking of cellulose whiskers with a 
polymer and the characterization thereof.   
2.2 Chemical composition of cell wall. 
The primary fiber source in paper-making and in this thesis is lignocellulosic fiber 
from woody biomass.  Native lignocellulosic fibers are composed of three main 
constituents: cellulose, hemicellulose, and lignin.  In addition, a variety of extractable 
materials are also present in the wood, including terpenes, fatty acids, and alcohols.  In 
softwood trees, lignocellulosic fibers come primarily from the walls of the longitudinal 
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tracheid cells, while in hardwoods, the fibers come from the tracheid, vessels, and 
parenchyma cells.  The tracheid cell wall is composed of several layers: the middle 
lamella, primary wall, secondary wall, and lumen.  This is described pictorially in Figure 
1.   
 
Figure 1. Schematic and Cross Section of Lignocellulosic Fiber Cell Wall (recreated 
from Hon [5]). 
 
The tracheid cell wall is composed of several layers: the middle lamella, primary 
wall, secondary wall, and lumen.  The middle lamella (ML) is composed primarily of 
lignin and forms the bond between the fibers, thereby creating the macrostructure of the 
wood.  The primary wall (P) is the outer cell wall.  The lumen (L) is the central canal in 
the fiber that allows for the transport of nutrients and liquids through the fiber.  The 
secondary wall (S) is the largest portion of the cell wall and has three distinct layers, the 
S1, S2, and S3, which differ from each other according to their cellulose fibril alignment 
angles.  The middle S2 layer is the thickest layer (2 – 10 um).  The S1 layer is the outer 
layer of the secondary wall, while the S3 layer is the inner layer.  The amounts of lignin, 
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cellulose and hemicelluloses vary by species.  Table 1 lists typical amounts of cellulose, 
lignin, and hemicellulose in several softwood and hardwood species [11-16]. 
 
 
Table 1. The percent of lignin, cellulose and hemicelluloses vary by species and within 
the softwood and hardwood tree types.   [11-16] 
 
Wood Species Cellulose (%) Lignin (%) Hemicelluloses (%) 
Softwood    
Picea glauca 41 27 31 
Abies balsamea 42 29 27 
Pinus strobes 41 29 27 
Tsuga Canadensis 41 33 23 
Norway spruce 46 28 25 
Loblolly pine 39 31 25 
Thuja occidentalis 41 31 26 
Hardwood    
Eucalyptus globules 45 19 35 
Acer rubrum 45 24 29 
Ulmus Americana 51 24 23 
Populus tremuloides 48 21 27 
Betula papyrifera 42 19 38 
Fagus grandifolia 45 22 29 
 
While these constituents—cellulose, hemicellulose, and lignin—are frequently discussed 
as separate, independently-occurring polymers, in reality they are all interconnected and 
intertwined with one another in the cell wall.  Cellulose provides the strength of the cell 
wall and the plant stalk.  Lignin provides the stability of the material and engulfs the 
cellulose fibrils, while the hemicelluloses act as connectors between the cellulose and the 










Cellulose is located in the plant cell wall and typically comprises 40 – 50% of this 
structure.  It is partially due to this percentage that cellulose is the most abundant natural 
polymer, with an estimated annual biosynthesis rate of 100 x 109 metric tons [17].    
Cellulose is also present structurally in a wide variety of plants and animals, as well as in 
algae, fungi, bacteria, amoeba protozoans, and invertebrates.  Structurally and 
chemically, it is a linear, fibrous, water-insoluble polysaccharide consisting of β- D-
glucopyranose ring monomers in the 4C1 chair conformation.  These β- D-glucopyranose 
ring monomers are connected by β -(1,4) glycosidic bonds  as shown in Figure 2, with 
each D-glucose monomer rotated 180° from its neighboring unit [5].  The repeating unit 
is called cellobiose and is frequently described as having a reducing end and a non-
reducing end in the biopolymer cellulose chain.  In addition, the cellulose polymer is 
stabilized via hydrogen bonding, as all of the –H units are in the axial vertical plane, 
while the –OH units are all in the equatorial ring plane.   
 
 
Figure 2. The chemical structure of cellulose is a linear polysaccharide of D-glucose 




The degree of polymerization of cellulose varies according to its source and can decrease 
due to processing conditions.  Native cellulose has a chain length of up to 10,000 
cellulose units, which can be decreased to less than 2000 units after alkaline pulping [18].  
Table 2 lists the degree of polymerization of various cellulose sources and processing 
types [19-23] .   
Table 2.  The degree of polymerization of cellulose varies by source and processing 
conditions [19-23].  
Cellulose Source Degree of Polymerization 
Algae 20,000 
Cotton (unprocessed) 15,000 
Loblolly pine (SW) 12,000 
Jack pine (SW) 10,300 
Aspen (HW) 7,900 
Corn stover 7,000 
Eucalyptus (HW) 6,000 
Poplar (HW) 5,500 
Wheat straw 4,000 
Bacterial cellulose 2,000-5,000 
Cotton (processed) 2000 
Kraft pulp (unbleached) 1600 
Kraft pulp (bleached) 1300 
Sulfite pulp (bleached) 1255 
Raylon 305 
 
During biosynthesis, it is believed that individual cellulose chains are extruded via 
terminal complexes that are arranged in a rosette form.  Ultimately, thirty-six of these 
cellulose chains aggregate together due to inter- and intra-hydrogen bonding and van der 
Waals forces.  This aggregate of cellulose chains is termed a cellulose microfibril.  Under 
ideal biosynthesis conditions, the cellulose chains are primarily crystalline; amorphous 
regions do exist, however, where the crystalline microfibrils are distorted by internal 
strain in the fiber.  The microfibril cellulose chain bundles then aggregate further into 
cellulosic fibers, which are helical around the fiber axis.  Native cellulose has both 
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amorphous and crystalline regions in the polymer chain [18].  Amorphous cellulose is 
described as the cellulose chains that are present in disordered domains.  The degree of 
crystallinity of cellulose varies according to the source; between ~40 and ~65% of the 
cellulose of most wood pulps is crystalline.  However, other sources such as Valonia 
ventricosa have a 91% crystallinity index [24] , and the bacterial cellulose from 
Acetobacter xylinum has a crystallinity of 76% [24].  Table 3 details the percent 
crystallinity of specific hardwood and softwood pulps, as well as that of a variety of other 
cellulose sources [24-27]. 
Table 3. The degree of crystallinity of cellulose varies by cellulose source [24-27]. 
 
Cellulose Source Crystallinity, 
% 
Method Reference 
HW Kraft pulp (bleached) 43 CP-MAS 13C NMR [24] 
Spruce, Chemithermal Mechanical Pulp 45 CP-MAS 13C NMR [25] 
Aspen Chemithermal Mechanical Pulp  47 CP-MAS 13C NMR [24] 
Spruce, Kraft 49 CP/MAS 13CNMR [25] 
SW Kraft pulp (unbleached) 52 CP-MAS 13C NMR [24] 
SW Kraft pulp (bleached) 52 CP-MAS 13C NMR [24] 
Loblolly Pine 62.5 CP-MAS 13C NMR [26] 
Acetobacter xylinum (bacterial cellulose) 76 CP-MAS 13C NMR [24] 
Cotton (unprocessed) 85.3 X-Ray Diffraction [27] 
Cotton (unprocessed) 85.6 X-Ray Diffraction [27] 
Valonia ventricosa 91 CP-MAS 13C NMR [24] 
  
Cellulose has six different crystalline forms, known as polymorphs, designated as 
Cellulose Iα, Iβ, II, III, IVI, and IVII.  Cellulose I is the only one found in nature.  The 
other crystalline polymorphs are formed using various chemical reactions, as shown in 




































Figure 3. Cellulose has six crystal polymorphs [28]. 
 
Cellulose I consists of parallel chains of cellulose and is the native form of 
cellulose produced by plants and organisms.  Atalla and VanderHart  demonstrated using 
CP-MAS 13C NMR that cellulose I exists in two forms, Iα and Iβ [29].  Cellulose Iα has 
one cellulose chain in a triclinic unit cell, while Cellulose Iβ has two conformationally-
distinct chains in a monoclinic unit cell [30].  In addition, the crystalline cellulose Iα is 
converted to crystalline cellulose Iβ almost completely when heated at higher 
temperatures. This can be explained by the fact that cellulose Iβ is the more 
thermodynamically stable of the two allomorphs by 8.7 kJ/mol/cellobiose [31].  Both 
allomorphs are found together in the same cellulose source, though the proportions of 
each do vary by species.  In general, cotton-, ramie-, and wood-sourced cellulose fibers 
have proportionally more Iβ, while bacterial and algal celluloses are richer in Iα [32-34]. 
Both Iα and Iβ form sheets of dense, hydrogen-bonded parallel chains of cellulose that are 
arranged in stacks.  However, Iα and Iβ differ in the hydrogen-bonding pattern in the 
stacking of these sheets, a difference which is displaced in the chain direction.   
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The crystalline structure of cellulose II consists of anti-parallel chains of cellulose 
that are hydrogen bonded but are comparatively less dense than those in cellulose I.  
Cellulose II is formed by the mercerization reaction of the aqueous sodium hydroxide 
with cellulose I.  Cellulose II is thermodynamically the most stable allomorph.  While 
Cellulose III and IV have been characterized, this thesis study focuses on Cellulose I.   
FT-IR, 13C NMR, and x-ray crystallography are instrumental tools that are used to 
characterize the crystalline allomorphs present in a cellulose sample.  Electron diffraction 
studies and FT-IR have been used to confirm that there are two distinct crystalline 
structures of native cellulose (Cellulose Iα and Iβ) [35, 36].   Deconvolution by spectral 
line fitting of the cellulose C4 region of the 13C NMR spectra has been used  to quantify 
the percent of cellulose Iα, Iβ, crystalline cellulose, amorphous cellulose, and, if present, 




Hemicelluloses are non-crystalline amorphous heteropolysaccharides that form 
various bonds with components of the cell wall: hydrogen bonds with cellulose, 
predominantly α-benzyl ether covalent bonds with lignin, and ester bonds with acetyl 
units and hydroxycinnamic acids.  Five sugars predominantly combine to form 
hemicelluloses: D-glucose, D-mannose, D-galactose, D-xylose, and L-arabinose (Figure 
4).  Other sugars include D-glucuronic acid, 4-O-methyl-D-glucouronic acid, D-
galacturonic acid, L-rhamnose, and L-fucose.  These combine to form branched polymers 




Figure 4. There are five common monomers that combine to comprise the majority of 
hemicelluloses [41]. 
 
Hemicellulose content and proportions vary with wood species.  Softwoods 
generally have a hemicellulose content of 20-30%, the most prevalent hemicelluloses 
being galactoglucomannan and arabinoglucuronoxylan. Hardwoods have a hemicellulose 
content of 25-35%, the main hemicellulose being glucuronoxylan [42].  Hemicelluloses 
will hydrogen bond with the cellulose microfibrils, both intra- and inter-fibrilly, as seen 




Figure 5. Hemicelluloses form intra- and inter-fiber hydrogen bonds with cellulose 






Briefly, lignin is an aromatic amorphous polymer material that acts as a matrix 
surrounding the cellulose and hemicellulose polymers [43].   The percent lignin in 
lignocellulosic fibers ranges from 10 to 30% [44].  While the chemical structure of the 
lignin structure is under debate due to the difficulty of removing the lignin without 
chemical modification, components of the polymer are known.  It is formed through the 
polymerization of ρ-coumaryl, sinapyl, and coniferyl alcohols (Figure 6), via the 





Figure 6. The building blocks of lignin are p-coumaryl alcohol, coniferyl 
alcohol/guaiacyl, and sinapyl alcohol/syringyl [45] 
 
Due to the reactivity of the five possible resonance structures of the phenoxy radical, a 
large number of different linkages are possible. This leads to the great complexity of 















Figure 7. There are five possible resonance structures of the lignin phenoxy radical upon 
the dehydrogenation of the starting building block, for example coniferyl alcohol [46, 
47]. 
 
Despite the numerous possibilities, there are eight common linkages in lignin, shown in 
Figure 8, of which the β – O – 4 ether linkage is the most abundant.  Table 4 summarizes 
the abundance of the most common linkages in hardwood and softwood species and the 
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differences in the composition of hardwood and softwood lignin [47-51].   
 
Figure 8.  While the lignin structure is complex, there are eight linkages that are most 
common: β-aryl ether (β -O-4), α-aryl ether (α -O-4), phenylcoumaran (β-5), biphenyl 
and dibenzodioxocins (5-5’), diphenyl ether (4-O-5), 1,2-diphenylpropane (β-1), and β- β 




Table 4. Lignin linkage frequency varies between hardwood and softwood [47-51]. 
 
Type  Name Softwood (%) Hardwood (%) 
β -O-4 β -aryl ether 45 – 50 60 
α-O-4 α -aryl ether 6 - 8 7 
β -5 Phenylcoumaran 9 - 12 6 
5-5’ Biphenyl and 
Dibenzodioxocins 
18 - 25 7 
4-O-5 Diphenyl ether 4 - 8 5 
β -1 1,2 - diphenylpropane 7 - 10 7 
β -β β - β linked structures 3 3 
 
2.3 Cellulose Whiskers.  
Cellulose nanowhiskers are conventionally defined as cellulose crystallite rods 
with at least one size dimension in the nanometer scale [7, 10, 52, 53].  The dimensions 
of these rods can range from 3 - 70 nm in diameter and from 25 nm to more than 1000 
nm in length, depending upon the source of the cellulose and the reaction conditions [7, 
10, 52, 53].  Examples of the wide variety of cellulose whisker sources and sizes are 
shown in Table 5.  As cellulose whisker research is a relatively recent field in the 
chemistry, materials science, and pulp and paper research areas, there are a number of 
different terms used in the literature to describe cellulose nanowhiskers.  Common terms 
for cellulose whiskers include whiskers, crystalline cellulose whiskers, nanocrystalline 
rods, cellulose crystallites, cellulose nanocrystals, or cellulose microfibrils or nanofibrils.    
Unfortunately some of these terms are very nebulous; the terms that will be used 
throughout this thesis are cellulose nanowhiskers, cellulose whiskers, or whiskers, 
abbreviated CNW.  Interest in utilizing cellulose whiskers is due to their unique 
properties, which include nano-dimension size, high aspect ratio, low density, high 
surface area per gram, high strength properties, liquid crystalline behavior and liquid 
chiral nematic ordering, and optical properties [7, 10, 52, 53]. Interest in cellulose 
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whiskers is also generated by the opportunities for almost limitless surface 
functionalization, which is due to the cellulose structure, and the near-worldwide 
availability of cellulose sources from which the whiskers can be obtained [7, 10, 52, 53].     
Table 5. Cellulose nanowhisker (CNW) dimensions span a wide range of lengths, from 















Bacterial 100-1000 10-50 TEM [54] 
 100-1000 5-10 x 30-50 TEM [55, 56] 
Cotton  100-150 5-10 TEM [57] 
 70 – 170 ~7 TEM [58] 
 200-300 8 TEM [59] 
 255 15 DDL [60] 
 150-210 5-11 AFM [61] 
Cotton linter 100-200 10-20 SEM-FEG [62] 
 25-320 6-70 TEM [63] 
 300-500 15-30 AFM [64] 
Microcrystalline 
Cellulose  
25-265 3-48 TEM [63] 
 250-270 23 TEM [65] 
 ~500 10 AFM [66] 
 150-300 3-7 TEM [67, 68] 
Ramie 150-250 6-8 TEM [69] 
 50-150 5-10 TEM [70] 
Sisal  100-500 3-5 TEM [71] 
 150-280 3.5-6.5 TEM [72] 
Tunicate - 8.8 x 18.2 SANS [73] 
 1160 16 DDL [60] 
 500– 1000 10 TEM [74] 
 1000-3000 15 – 30 TEM [75] 
 100-1000 15 TEM [59] 
 1073 28 TEM [76] 
Valonia  >1000 10-20 TEM [77] 
Softwood pulp 100-200 3-4 TEM [78, 79] 
 100-150 4-5 AFM [80] 
Hardwood pulp 140-150 4-5 AFM [80] 




As mentioned in the discussion of cellulose, cellulose is a long-chain polymer 
composed of microfibrils.  Within these microfibrils are chains of cellulose.  Again, 
depending upon the source of the cellulose, these chains are mixes of crystalline and 
amorphous regions.  Cellulose nanowhiskers are isolated from these crystalline regions 
through reactions that preferentially attack the amorphous cellulose regions first [7].  
Acid hydrolysis of the cellulose sources is the most common method and is presented in 
this study.  While the idea that the crystalline regions of cellulose in the nanometer scale 
can be isolated from the microfibrils was first investigated in the mid-20th century, it did 
not become a topic of intensive interest until the late 1990’s.   
Nickerson and Habrle were among the first to observe that cellulose fibers 
appeared to reach a finite size and a constant rate of hydrolysis. They noticed after 
boiling cotton cellulose fibers in either 2.45 N HCl-0.6 M FeCl3 or 2.5 N H2SO4 acids for 
1 h and 6 h, respectively, that the resulting cellulose exhibited greater crystallinity [82].  
Their work was supported by Staudinger and Sorkin, who also investigated the effects of 
acid hydrolysis via viscometric methods and demonstrated that cellulose chain fragments 
reach a leveling off of the degree of polymerization, a point which ranges from 150 – 200 
glucose units [83].  In the early 1950’s, Ränby and Ribi were the first to observe that 
sulfuric acid hydrolysis of cotton and wood cellulose sources produces colloidal 
suspensions of cellulose crystals [84, 85].  Transmission electron microscopy was used to 
determine that the dimensions of these colloidal particles were 50-60 nm length by 5 – 10 
nm width [86].  In addition, Mukherjee used electron diffraction to demonstrate that these 
colloidal crystalline particles had the same crystalline structure as the starting cellulosic 
materials [86]. The current commonly-used sulfuric acid method of producing crystalline 
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cellulosic whiskers was first conceived by Mukherjee, Sikorski and Woods [86, 87] and 
later modified by Marchessault, Morehead and Walter, who were the first to use an 
ultrasonic treatment to separate aggregated whiskers [88].  Marchessault, Morehead and 
Walter produced colloidal suspensions displayed birefringent behavior dispersions of 
crystalline cellulose from a variety of cellulosic sources including native bleached ramie, 
bleached mercerized ramie, cotton linters, dissolving grade pulps and bacterial cellulose 
[88, 89]. Concurrently, Battista was developing a hydrochloric acid hydrolysis process 
that included sonication to produce microcrystalline cellulose (MCC) [90].  Revol, 
Bradford, Giasson, Marchessault, and Gray revisited this field in 1992 when they 
confirmed that cellulose whiskers did form a stable chiral nematic liquid crystalline phase 
when the whiskers were in an aqueous phase [91, 92]. These studies began the current 
interest in the isolation and usage of cellulose whiskers.    
Acid hydrolysis of cellulose sources has become the preferred method of isolating 
cellulose nanowhiskers [7, 10, 52, 53] .  Sulfuric acid, hydrochloric acid, hydrobromic 
acid [93] and phosphoric acid [94, 95]  have all been utilized.  The most commonly-used 
acid is sulfuric acid, and the second most popular is hydrochloric acid [7, 10, 52, 53].     
The acid hydrolysis reaction of cellulose to isolate cellulose whiskers is a 
heterogeneous reaction involving the diffusion of the acid into the cellulose fibers and the 
subsequent cleavage of the glycosidic bonds of cellulose [96].  The proposed mechanism 
of the acid hydrolysis of cellulose is presented in Figure 14 below.  The cellulose 
glycosidic bonds in the disordered parts of the cellulose chains are attacked first by the 
acid groups. The crystalline regions are more resistant to the acid hydrolysis reaction than 
are the amorphous regions.   The cellulose crystal structure is degraded by the peeling off 
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of angular cellulose sheets.    The pathway for this mechanism is presented in Figure 9.  
The first step is the protonation of the glycosidic oxygen by the acid group [96].  A 
cleavage of the ether linkage forms a cyclic carbocation through a unimolecular reaction 
step.  Water then reacts with the carbocation, establishing the anomeric center and 




Figure 9.  Cellulose whiskers are prepared via an acid hydrolysis reaction [96].       
 
When sulfuric acid is used, sulfate esters are formed with the cellulose hydroxyl 
groups as shown in  
Figure 10 [91]. When hydrochloric acid is used, however, the surface 
functionalization remains unchanged from that of native cellulose [79].  The sulfate 
esterification of the cellulose allows for the sulfuric-acid-hydrolyzed whiskers to exhibit 
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birefringence due to the electrostatic repulsion of the individual whiskers from each 
other. This esterification also allows for a better individual dispersion of whiskers in an 
aqueous solution.  The sulfuric acid process generates cellulose whiskers that have 
formed sulfate esters, SO3
-. This results in the electrostatic repulsion of the sulfuric acid-
reacted whiskers from each other, leading to better dispersion throughout the solution, 
and therefore causing birefringent chiral nematic behavior [91, 92, 97-101].   
 
 
Figure 10. Sulfate ester formation on cellulose whiskers occurs during acid hydrolysis 
[102]. 
 
The whiskers will align themselves to reduce these electrostatic repulsions, 
forming classic liquid crystalline arrangements.  The ‘fingerprint type patterns’ that are a 
hallmark of the chiral nematic ordering of liquid crystalline arrangements are observed 
using polarized optical microscopy while the whisker solution is agitated [88].  This 
birefringement behavior, and the accompanying fingerprint pattern, can be seen when the 
whiskers are observed through cross-polarized lenses.  This characteristic birefringence 
shows that the cellulose whiskers are capable of behaving as liquid crystals.  The 
hydrochloric-acid-hydrolyzed cellulose whiskers are not surface charged, and as such do 
not exhibit birefringence, and tend instead towards agglomeration. The hydrochloric acid 
hydrolysis does not affect the surface charge, and therefore those whiskers tend to 
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flocculate together in loose aggregates due to van der Waals forces, and do not display 
the same birefringent character as the sulfuric-acid-hydrolyzed whiskers [79].   
2.3.1 Acid hydrolysis methods to produce cellulose whiskers. 
The acid hydrolysis of cellulose sources to create cellulose nanowhiskers is 
dependent upon six variables:  type of acid used, concentration of the acid, ratio of mass 
of cellulose source to volume acid, cellulose type, time, and temperature of the reacting 
solution.  According to Bondeson, Mathew, and Oksman’s optimization study of the 
sulfuric acid hydrolysis of microcrystalline cellulose, the most important experimental 
factors affecting acid hydrolysis are time, temperature and acid concentration [67].  Table 
6 shows representative reaction conditions from a variety of acids and cellulose sources.  
The sulfuric acid hydrolysis method is the most common, independent of cellulose 
source, with the concentration of the sulfuric acid ranging from 63-65 wt-%.  This 
sulfuric acid concentration value was originally proposed and tested experimentally by 
Mukherjee, Sikorski and Woods [87].  The reaction time and temperature do vary 
according to the cellulose source, and several studies on optimizing reaction conditions 























































H2SO4 64% 25 45 147  ±7 x 





H2SO4 64% 45 45 120 ± 5 x 
4.9 ± 0.3 
[103] 
Whatman No. 
1 Filter Paper 
H2SO4 64% 60 45 115 x 7  [58, 
92] 




HCl 2.5 N 45  2000 x 10-20 [105] 
Wheat Straw 
Cellulose 




H2SO4 48% 13 h 55 1560 x 34  [76] 
Cottonseed 
Linter Pulp 












Bondeson, Mathew and Oksman optimized the sulfuric acid hydrolysis of 
microcrystalline cellulose from Norway spruce bleached pulp to cellulose whiskers using 
an experimental factorial design matrix [67].  The optimal reaction conditions were 
determined to be acid hydrolysis of microcrystalline cellulose (10.2 g MCC per 100 ml 
w/w 63.5% H2SO4) for 130 min at 45 °C.  This procedure resulted in a 30% yield of 
cellulose whiskers by starting weight of microcrystalline cellulose.  Whisker dimensions 
ranged from 200 – 400 nm length and < 10 nm diameter [67].  Kvien, Tanem, and 
Oksman analyzed the dimensions of whiskers produced using the Bondeson method 
which resulted in cellulose whiskers of 210 ± 75 nm length and 5 ± 2 nm width [68].   
Beck-Candanedo, Roman and Gray evaluated the sulfuric acid hydrolysis of black 
spruce pulp (3-4 mm) and eucalyptus (0.5 – 1.5 mm), a hardwood and a softwood, 
respectively, in order to determine the effects of acid hydrolysis time and reaction 
temperature while also comparing two different wood pulp sources [103].   As softwood 
pulps are longer than hardwood pulps, 3-4 mm and 0.5 – 1.5 mm respectively, it was 
important to determine whether this translated into differing cellulose whisker lengths.  
Surprisingly, the two suspensions of eucalyptus pulp and black spruce pulp produced 
whiskers that were essentially the same length, with a eucalyptus whisker average 
particle length of 147 ± 7 nm and a black spruce average particle length of 141 ± 6 nm 
[103].  An increase in hydrolysis time, from 25 min to 45 min, resulted in smaller 
cellulose whisker lengths (120 ± 5 nm) with a smaller standard deviation in length (45 
nm).  When the acid to pulp ratio was increased from 8.75 ml/g to 17.5 ml/g, the whisker 
length decreased 12.5% from 120 ±5 nm to 105 ± 4 nm [103].  As both of the acid to pulp 
ratios resulted in reaction conditions where the acid was in excess relative to the pulp, it 
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was concluded that the acid to pulp ratio does not play a significant role in cellulose 
whisker length.   
Dong, Revol, and Gray evaluated the effect of hydrolysis time at 45 °C on the 
total sulfur content and surface charge as (OSO3
-) when cotton cellulose was acid 
hydrolyzed with 64% w/v in a 1:8.75 g/ml paper to acid ratio at varying reaction times 
[108].  As hydrolysis time increased, the total sulfur content also increased, as shown in 
Table 7.  The total sulfur content was measured using elemental analysis, while the 
surface charge was measured using conductometric titration.   
 
Table 7. When Whatman No. 1 filter paper powder undergoes acid hydrolysis, as 
















10 0.53 0.30 
20 0.50 0.33 
30 0.58 0.50 
45 0.62 0.64 
60 0.69 0.68 
120 0.74 0.68 
240 0.75 0.62 
 
The second most common acid used in the acid hydrolysis of cellulose sources to 
produce cellulose whiskers is hydrochloric acid (2.5 – 4 N) [7, 10, 52, 53].  Araki, Wada, 
Kuga, and Okano were the first to publish a hydrochloric acid method in 1998 [79]. This 
method was similar to one published by Marchessault in 1959 that used 2.5 N HCl to 
prepare chitin whiskers from crab shells [88].  Araki, Wada, Kuga and Okano were 
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interested in preparing cellulose whiskers with a minimal surface charge and believed 
that a procedure using hydrochloric acid as the acid catalyst would achieve this, as the 
specific acid used also affects the final product.  The surface charges on the cellulose 
whiskers that are generated using sulfuric acid are not reproduced when hydrochloric acid 
is used in the reaction process.  Examples of surface charges from different hydrolysis 
methods are shown in Table 8 below.   
The hydrochloric-acid-hydrolyzed whiskers were prepared by hydrolyzing 
bleached softwood kraft pulp (5 g) with 4 N HCl (175 ml) at 80 °C for 225 min [79].  
After the hydrolysis reaction, the resulting mixture was centrifuged, and the supernatant 
was collected and purified using dialysis versus distilled water and sonicated for future 
use [79].  In addition to this, the flow properties of the cellulose whiskers (described 
nebulously in the paper as microcrystalline cellulose) prepared via the acid hydrolysis of 
bleached softwood kraft pulp with either 65% (w/w) H2SO4 or 4 N HCl were compared.   
It was demonstrated that (1) HCl whiskers aggregated more than whiskers 
prepared using sulfuric acid, (2) whiskers of similar dimensions (180 ± 75 nm long by 
~3.5 nm wide) could be produced using either acid method, and (3) the sulfuric-acid-
hydrolyzed whiskers had surface charges attributed to both strong acids (84 mmol kg-1) 
and weak acids (26 mmol kg-1) while the hydrochloric acid whiskers had no surface 
charges from strong acids (0 mmol kg-1) and a small contribution from weak acids (<18 









Table 8. The surface charges of cellulose whiskers vary according to reaction conditions, 
especially the acid used. 
 
 











Softwood bleached kraft pulp 
(SWBKP) (3.5 nm wide and 
180±75 nm) -  H2SO4,  
0.186 10 g SWBKP:100 ml 65wt% 
H2SO4, 70 °C for 10 min 
[79] 
Softwood bleached kraft pulp 
(SWBKP) (3.5 nm wide and 
180±75 nm) – HCl 
0.0286 5 g SWBKP:175 ml 4 N 
HCl, 80° C for 225 min 
[79] 
Bacterial cellulose (Primacel) 
– not hydrolyzed 
0.0095 Not hydrolyzed [56] 
Bacterial cellulose (Primacel) 
– H2SO4 
0.233 0.066 mol H2SO4:1 g 
cellulose,   65% H2SO4 
[56] 
Tunicin (1-2 um x 8-15 nm) - 
H2SO4 
0.31   65% (wt/wt) H2SO4 solution 
at room temperature 
[109] 
Ramie (150-250 nm x 6- 8 nm) 
- H2SO4 
0.63   65% (wt/wt) H2SO4 solution 
at room temperature 
[109] 
Cotton (115 ± 10 nm x 7 nm) - 
H2SO4 
0.155  Whatman No. 1 filter paper, 
20 mesh 20 g: 175 ml 64% 
sulfuric acid at 45 °C for 1 h 
[58] 
 
Roman and Winter also studied the effect that reaction time, sulfuric acid 
concentration, and ratio of mmol acid per g cellulose had on surface charge [56], with 
results summarized in Table 9 below.  When reaction time was increased from 1 h to 3 h 
and the sulfuric acid concentration and mmol acid to gram cellulose ratio were kept 
constant, the surface charge density increased from 0.021 e/nm2 to 0.033 e/nm2 in 
Samples C and F, respectively.  Also, as the mmol acid to gram cellulose ratio increased 
while reaction time (1 h) and temperature (40 °C) were kept constant in Samples C, D, 
and E, the surface charge density increased from 0.021 e/nm2 to 0.027 e/nm2 to 0.031 
e/nm2, respectively.  When the ratio of sulfuric acid (mmol) to cellulose (g) increased as 
the amount of acid relative to the amount of cellulose increased, the surface charge 
density also increased.   
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Table 9. Roman and Winter investigated the effect of acid concentration, ratio of acid per 
gram cellulose, temperature and hydrolysis time on surface charge density [56]. 
 













A 0 (unhydrolyzed) - - - 0.000 
B 12 188 104 2 0.007 
C 65 66 40 1 0.021 
D 65 199 40 1 0.027 
E 65 663 40 1 0.031 
F 65 66 40 3 0.033 
G 61 618 40 3 0.162 
H 65 66 60 2 0.233 
 
Surface charge of the whiskers also affects the thermal stability properties of the 
cellulose.  The sulfuric-acid-hydrolyzed cellulose whiskers decompose at a lower 
temperature (~200 °C) than do the hydrochloric-acid-hydrolyzed cellulose whiskers, 
which is due to the presence of the charged sulfate esters which help to catalyze the 
degradation reactions.  Roman and Winter studied the effect that different charges of 
sulfuric acid have on the thermal decomposition of cellulose whiskers and found that as 
sulfonation increases, the onset temperature of thermal degradation decreases [56].  The 
thermal degradation of hydrochloric-acid-hydrolyzed cellulose whiskers was studied and 
shown to have an onset of thermal degradation of ~300 °C [79].   
 
2.3.2 Physical properties of cellulose whiskers. 
 
The mechanical properties of cellulose whiskers make them extremely 
appropriate for use as reinforcing materials.  A Raman spectroscopy technique developed 
by Eichorn was utilized to determine that the axial Young’s modulus of cellulose 
whiskers from cotton and tunicate is 105 and 143 GPa, respectively [110-112].  These 
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values are comparable to the estimated Young’s modulus for native cellulose crystals of 
167 GPa [113].  
The degree of crystallinity of cellulose whiskers relates directly back to the 
starting cellulose material.  Habibi, Hoeger, Kelley, and Rojas determined the 
crystallinity index of cellulose whiskers produced from sisal, ramie, and cotton using 
wide-angle X-ray diffraction to be 81%, 88%, and 88%, respectively [114].   Martins, 
Teixeira, Correa, Ferreira, and Mattoso  the crystallinity of cellulose whiskers prepared 
from a commercial cotton source using X-ray diffraction [115].  The crystallinity of 
cellulose whiskers was determined to 90-91% crystalline.  This was an increase from the 
commercial cotton starting material which was 71% crystalline.     
One of the highly-cited positive attributes of cellulose whiskers is the large 
available surface area due to the aspect ratio and density of the whiskers.  The aspect 
ratio, defined as length divided by width, of the cellulose whiskers can vary greatly 
depending upon the cellulose source and reaction conditions; a commonly used range is 5 
– 100 (Table 5).  As such, the potential available surface area per gram of these 
nanocellulose whiskers can be substantial, especially considering the low density (1.6 
g/cm3) of crystalline cellulose [116, 117].  For example, Angles and Dufresne calculated 
that tunicate whiskers with an aspect ratio of ~67 to have a surface area per gram of ~170 
m2/g [118]; correspondingly, in a 25 wt% tunicin whisker composite, the specific area 
available on the whiskers was calculated to be ~ 425,000 cm2/cm3 [119].  Due to these 
physical properties and the wide variety of chemistry functionality inherent to cellulose, 
it is not surprising that the first applications of cellulose whiskers were to evaluate 
whether the whiskers might act as nano-reinforcements in a variety of polymer matrices.   
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2.3.3  Incorporation of cellulose whiskers in composite-type materials. 
 
There are two primary methods of whisker incorporation: solution casting/evaporation 
techniques and sol-gel processing methods [8, 120].  In addition to these, other groups 
have explored using extrusion [70, 121-132], electrospinning [133-139], and layer by 
layer deposition [140, 141].  This thesis research describes using in-situ crosslinking via 
solution casting.  These techniques attempt to achieve uniform dispersion of the whiskers 
with minimal flocculation and aggregation within the matrix.  This is the major problem 
that needs to be addressed in whisker composite-type research when investigating the 
possibility of using whiskers in new materials.    
The casting/evaporation technique is one by which the whiskers are typically 
mixed with a matrix and cast into molds, after which the solvent evaporates, leaving the 
whiskers imbedded into the matrix. An even dispersion of whiskers in the matrix is the 
goal of this technique.  The cellulose whiskers can be in an aqueous solution, an organic 
solution, or freeze dried.  This is a common lab-bench technique that allows for a good 
replication of materials produced, as well as reproducible density values.  However, this 
technique is typically not used for commercial production.   
One of the first applications explored utilizing cellulose whiskers was 
incorporation of cellulose whiskers with various polymer matrices, after which the effect 
of the whiskers on the physical properties of the matrices was evaluated, especially their 
effect on mechanical strength and thermal degradation.  Favier, Chanzy, Canova, 
Dufresne, Cavaille, and Gauthier incorporated an aqueous suspension of cellulose 
whiskers (0 – 14 wt-%) in a styrene butyl acrylate latex matrix by solution casting [104, 
142].  The films were characterized using DMTA; the shear modulus value (G) showed a 
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significant improvement above Tg when cellulose whiskers were incorporated into the 
latex [104, 142].  The styrene butyl acrylate latex matrix was extensively evaluated as 
different sources of cellulose whiskers were utilized (tunicate and wheat straw).  Wheat 
straw cellulose whiskers were incorporated into the latex at 0 - 30 wt%, solution cast, 
freeze dried, and hot pressed.  The 30 wt% latex film improved the relaxed modulus of 
the neat latex by more than one thousandfold [143, 144].  Favier also evaluated the 
percolation effect of incorporating cellulose whiskers into latex polymers, and ultimately 
determined that the cellulose whiskers form an interconnected structure (a skeleton) in 
the matrix. These whiskers are connected by hydrogen bonds that are characterized as 
having ‘tight interactions’ [145, 146].  Chazeau produced similar findings concerning the 
improvement of the physical properties of various polymer matrices when increasing 
amounts of cellulose whiskers were incorporated with poly(vinyl chloride) plasticized 
with diethylhexyl phthalate as well as investigating the percolating cellulose whisker 
network theory using modeling techniques, ultimately concluding that a percolating 
network forms due to chains adsorbed to the whisker surface[147-150].    
Extrusion methods have also been investigated as a method for preparing 
cellulose whisker nanocomposites, with varying degrees of success [122, 126-129, 131, 
132, 151].  Hajji, Cavaille, Favier, Gauthier, and Vigier compared the effect that three 
different processing methods had on the mechanical/tensile properties of cellulose 
whisker-poly(styrene-co-butyl acrylate) composites [129].  Solution casting and 
evaporation; freeze drying and hot pressing; and freeze drying, extrusion and hot pressing 
were the three methods chosen.  The extrusion method had the lowest modulus and 
tensile strength of the three methods, while the solution casting and evaporation method 
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had the greatest, attributed to the degradation of the whiskers due to the more extreme 
processing conditions.   
After investigating simple mixtures of whiskers and matrices, the effects of 
plasticizing additions to these mixtures began to be evaluated as a way to ensure non-
flocculation of the whiskers within a matrix [147].  In one study, Samir Azizi, Mateos, 
Alloin, Sanchez, and Dufresne prepared a nanocomposite with cellulose whiskers, 
poly(oxyethylene), and tetra(ethylene) glycol dimethyl ether, which was used as a 
plasticizing agent [152].  The use of the plasticizer resulted in heterogeneous composites, 
with plasticizer-rich and plasticizer-poor regions.   Glycerol was also used as a plasticizer 
by Angles and Dufresne when they prepared a starch/cellulose whisker nanocomposite 
[119, 153, 154].  Transcrystallization zones formed around the cellulose whiskers in the 
glycerol plasticized starch/cellulose whisker composites and are attributed to the decrease 
in the composite mechanical properties.  Mathew, Thielemans and Dufresne used sorbitol 
as a plasticizer in starch/cellulose whisker nanocomposites and concluded that sorbitol 
had a single glass transition temperature [155, 156]. The incorporation of 30 wt% 
cellulose whiskers with soy protein isolate thermoplastics and glycerol resulted in a 
greater Young’s modulus (from 44.7 to 133.2 MPa) and tensile strength (5.8 to 8.1 MPa) 
than those measured in neat soy protein isolate thermoplastic [157].   
2.3.4  Surface and chemical modification of cellulose whiskers. 
 
There has been interest in surface modification of cellulose whiskers as well as 
interest in the further grafting of various polymers to cellulose whiskers to enhance the 
compatibility of the whiskers in a variety of solvents and matrices.  The initial studies 
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undertaken for the surface modification of cellulose whiskers focused on modifying the 
surface chemistries of cellulose whiskers so that the whiskers would be easily dispersible 
(non-flocculating) in non-polar solvents.  Surface acetylation of cellulose whiskers was 
first reported by Sassi and Chanzy [158].  They were successful in producing cellulose 
whiskers that demonstrated non-flocculating behavior in solvents such as acetone or 
acetic acid.  Gousse, Chanzy, Excoffier, Soubeyrand, and Fleury partially silylated 
cellulose whiskers with isopropyldimethylchlorosilane (IPDM-SiCl), n-
butylmethylchlorosilane (BDMSiCl), n-octyldimethylchlorosilane (ODMSiCl) and n-
dodecyldimethylchlorosilane (DDMSiCl) and observed the behavior of those whiskers in 
various organic solvents [159].  As the silylation of the cellulose whiskers, measured by 
degree of substitution (DS), increased from DS 0.4 – 1.0, the cellulose whiskers had the 
same crystallization as non-substituted whiskers.  However, as DS increased above 1, a 
decrystallization of the whiskers was observed.  The silylated cellulose whiskers (DS <1) 
were dispersible in tetrahydrofuran (THF), displaying non-flocculating and birefringent 
behaviors [159].   
Heux, Chauve, and Bonini explored coating the cellulose whiskers with 
surfactants to improve the dispersion of the whiskers in cyclohexane and toluene [160, 
161].  A commercially available surfactant, Beycostat NA, a phosphoric ester of 
polyoxyethylene nonylphenyl ether, was mixed with cellulose whisker suspensions in a 
4:1 (w/w) ratio of surfactant to cellulose whiskers.  The suspensions were adjusted to pH 
9 and then freeze dried.  The surfactant-coated whiskers were dispersed successfully in 
cyclohexane and toluene, demonstrating stable non-flocculating dispersion of whiskers 
[160].   
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Montanari, Roumani, Heux, and Vignon first carboxylated surface hydroxyl 
groups to carboxylic acids using TEMPO-mediated oxidation procedure to improve the 
dispersion of hydrochloric-acid-hydrolyzed cellulose whiskers [162].  Habibi, Chanzy, 
and Vignon also utilized a TEMPO-mediated oxidation process to oxidize cellulose 
whiskers that had been produced using hydrochloric acid hydrolysis and confirmed the 
previous results of Montanari et al. [163].  The resulting oxidized cellulose whiskers did 
not flocculate in suspension and did display birefringence, the opposite behavior of non-
TEMPO-oxidized hydrochloric-acid-hydrolyzed whiskers [163].   
Oxidation of cellulose whiskers was also undertaken by Zhang, Jian, Dang, Elder 
and Ragauskas via periodate oxidation followed by treatment with sodium bisulfite, 
resulting in sulfonation of the cellulose whiskers at the C2 and C3 carbons of the 
cellulose.  The water retention of the cellulosic whiskers was measured and found to 
increase post-oxidation-sulfonation [164].   
Ljungberg, Bonini, Borolussi, Boisson, Heux, and Cavaille evaluated the effects 
that the surface modification of cellulose whiskers has on the overall nanocomposite 
properties by incorporating cellulose whiskers that had no surface modifications, 
cellulose whiskers surface-grafted with maleated polypropylene, or surfactant-coated 
(phosphoric ester of polyoxyethylene(9) nonylphenyl ether) cellulose whiskers [165].  
Solution-cast films of atactic polypropylene with each type of whiskers were prepared at 
6 wt% of cellulose whiskers [165].  After evaporation of the solvent, the films were 
pressed at 150 °C for 20 min at 7 MPa pressure.  The surfactant-coated cellulose whisker 
film had the greatest density of all of the composite films, as well as the largest Young’s 
modulus, 1.4 GPa.  The Young’s modulus of the non-modified cellulose whisker-
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polypropylene nanocomposite was 1.3 GPa, while the Young’s modulus of the grafted 
cellulose whisker-polypropylene nanocomposite was only 0.5 GPa.  Unfortunately, these 
values were all less than that of the neat polypropylene film (5 GPa).  The incorporation 
of cellulose whiskers with polypropylene did result in 15.25- to 46.25-fold improvements 
in the tensile modulus when compared to that of the neat polypropylene film (0.4 MPa), 
and 12.3- to 22.31-fold improvements in the tensile strength when compared to that of the 
polypropylene film (0.026 MPa).  Ljungberg believed that the surfactant-coated cellulose 
whiskers were acting as plasticizers and could be a way to avoid the brittleness that 
normally results when non-surface-modified cellulose whiskers are incorporated with 
polymer matrices.    
Yuan, Nishiyama, Wada, and Kuga utilized surface acylation of cellulose 
whiskers with alkyenyl succinic anhydride to improve the hydrophobicity of the whiskers 
[166].   Both iso-octadecenyl succinic anhydride and n-tetradecenyl succinic anhydride 
emulsions were mixed with a cellulose whisker suspension.  The whiskers were collected 
via filtration, freeze-dried, and then heated at 105 °C for 5 – 240 min.  The unreacted 
succinic anhydride was removed by rinsing the whiskers with acetone.  Acylation was 
confirmed using FT-IR.  Dispersion of the whiskers in a variety of solvents was 
evaluated, with good dispersion of the acylated whiskers occurring in ethanol, acetone, 
and methanol, where non-modified cellulose whiskers had previous shown poor to no 
dispersion.  Wang, Ding, and Cheng explored the possibility of grafting the whiskers via 
acetylation, hydroxyethylation, and hydroxypropylation techniques [167].   
Braun and Dorgan developed a method to both isolate and functionalize cellulose 
whiskers in a single-step reaction method using cotton linters as the cellulose source 
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[168].  This is a demonstrated improvement from the previous surface-modification 
procedures in which the cellulose whiskers were chemically altered after acid hydrolysis 
isolation.  In the new process, the esterified cellulose whiskers were produced via a 
Fischer esterification single-reaction technique using a combination of HCl and an 
organic acid, such as acetic acid or butyric acid, for the acid catalyzation step [168].  
Cotton linters were immersed overnight in either acetic or butyric acid.  They were then 
heated to 105 °C and dilute hydrochloric acid was added.  The final concentrations of the 
acids in this mixture were 17.5 M acetic acid/0.027 M HCl and 10.9 M butyric acid/0.027 
M HCl. The organic acid concentration of the mixture was 90 wt%, and the cotton linter 
to total liquid ratio was 0.04 g cotton linter/1 ml acid solution.  Reaction times varied 
from 4 – 120 min after the solution was heated to 105 °C and dilute hydrochloric acid 
was added.  This produced cellulose whiskers similar in dimension to those produced in 
hydrochloric acid, which were presented as a control [168].  Whisker length varied from 
170 nm to 280 nm while whisker diameter had less variation, ranging from 25 – 50 nm.  
The resulting esterified whiskers also had similar thermal stability to that of the HCl-
produced whiskers, with an onset of degradation around 300 °C [168].   Esterification 
was confirmed using FT-IR and the esterified whiskers were found to be dispersible in 
toluene and ethyl acetate.   
The surface esterification of cellulose whiskers with gas phase palmitoyl chloride 
was performed by Berlioz, Molina-Boisseau, Nishiyama, and Heux, resulting in highly-
substituted palmitic-acid-esterified cellulose whiskers [169].  The overall goal in 
developing this method—to minimize the number of procedure steps—was successful, 
despite reaction times ranging from 2 h to 13 h.    
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Samir, Alloin, Sanchez, Kissi, and Dufresne were the first to explore crosslinking 
a matrix around cellulose whiskers [170].  Cellulose whiskers, dispersed in DMF, were 
mixed with an unsaturated polyether and a photoinitiator, 4-(2-hydroxyethoxy)-phenyl-
(2-hydroxy-2-propyl)ketone. This mixture was then solution-cast into aluminum plates 
and cured using UV radiation in an argon atmosphere at room temperature [170].  The 
crosslinked matrix around the whisker films demonstrated increasing tensile modulus and 
stress at break as the whisker content increased, from 0.81 MPa and 0.4 MPa without 
whiskers, respectively, to 22.3 MPa and 10.6 MPa at 6 wt% cellulose whisker content 
[170].  Prior to this, cellulose whiskers had been incorporated into matrices by physical 
methods.   
Pranger and Tannenbaum performed a study that was similar to the previous 
work, in-situ polymerizing furfuryl alcohol monomers to form poly(furfuryl alcohol) 
polymers around cellulose whiskers [66].  Pranger and Tannenbaum found that the 
incorporation of cellulose whiskers with the matrix resulted in an improvement of the 
thermal stability of the nanocomposite, with an increase of 77 °C in the onset point of 
thermal degradation, from 246 to 323 °C [66].  The effects of the crosslinking of a 
polymer matrix to cellulose whiskers have not been presented until this thesis research.   
2.4  Grafting lignocellulosic fibers with carboxylic acids to improve 
water absorption. 
 
While various methods have been employed to improve the water absorption of 
pulp fibers, this literature review will focus on the covalent bonding of polymers to 
cellulosic fibers, predominantly lignocellulosic fibers. This review will also cover the 
results of the work that has previously been performed, including the reaction conditions, 
38 
 
reactants, and the water absorption characteristics of the final products in each prior 
study.     
Wood pulp fibers (lignocellulosic fibers) are used in a wide variety of ways to 
absorb liquids, including urine and water.  One of the most commonly-known uses of 
pulp fiber is as ‘fluff pulp’ in diapers.  Fluff pulp quickly wicks liquids from the surface 
of the diaper to the center of the diaper, where there is a superabsorbent material, which 
allows the diaper-wearer to remain comfortable after an accident.   
There has been interest in modifying these cellulosic fibers to improve their water 
absorbency. Cellulose fibers exhibit excellent capillary action, but do not retain 
significant quantities of liquids (Table 11)  while water-absorbing polymers are capable 
of absorbing and retaining liquids, such as water, via osmotic pressure and flow, but have 
inferior wicking abilities to those of cellulose fibers [171].  The grafting of water-
absorbing polymers to the surface of the cellulose fiber is one way to combine the 
benefits of both materials.   
Table 10. The water retention values of several different lignocellulosic pulps have been 
experimentally determined. 
 
Cellulose source Water retention 
value, g/g 
Reference 
Unbleached softwood sulphate pulp 1.77 [172] 
Bleached softwood sulphate pulp 1.23 [172] 
Bleached Scandinavian softwood  kraft pulp 1.05 [6] 
Bleached southern pine softwood kraft pulp 0.75 [6] 
Bleached spruce CTMP 1.18 [6] 
Bleached spruce HTCTMP 1.18 [6] 
Unbleached northern softwood kraft pulp 3.00 [173] 
Bleached mixed pine and sawmill waste fluff 
bisulfite pulp (BioFluff-TD) 




Surface grafting of water-absorbing polymers or those polymers that encourage 
hydrogen bonding and form networks that entrap water has been studied [171].  The 
polymerization methods of the grafting of polymers onto cellulose fibers can be 
catalogued into two primary categories, “grafting to” and “grafting from.”  The ‘grafting 
to’ approach describes a method by which a fully prepared polymer is grafted directly 
onto the cellulose surface via the polymer end group functional units, which react with 




Figure 11. The 'grafting to' polymerization scheme is pictorially depicted [171]. 
 
In contrast, the ‘grafting from’ approach describes the concurrent grafting of the 
monomer to the cellulose chain and subsequent polymerization of the monomer units.  
This is shown in Figure 12.   
 
Figure 12. The 'grafting from' polymerization scheme [171]. 
 
The ‘grafting from’ approach allows for a higher grafting density than does the 
‘grafting to’ approach.  This is due to the steric hindrance that the larger polymers have in 
finding grafting sites along the cellulose chain during the ‘grafting to’ reaction method.   
With the ‘grafting to’ approach, the polymers can be fully characterized prior to the 
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grafting reaction process. The opposite is true with the ‘grafting from’ approach, resulting 
in a grafted polymer which is not fully characterized.  However, the ‘grafting to’ 
approach allows the polymer to be fully characterized prior to grafting, which the 
‘grafting from’ method does not accommodate.  The ‘grafting from’ approach is more 
commonly used in cellulose grafting.   
A review article by Chang and Zhang thoroughly describes cellulose-based 
hydrogels [175].  However, this review does not review cellulose-based hydrogels that 
were prepared from cellulose fibers such as cotton, wood-based pulp fibers, cellulose 
whiskers, or fibrillated cellulose, but instead reviews celluloses that were solubilized 
using a variety of methods, including NaOH/urea, ionic liquids, DMAP, LiCl, NMMP 
[175].  There has been relatively less material published on cellulose fibers that are 
grafted specifically to be evaluated for potential use as hydrogels.  Reaction methods for 
grafting polymers onto such cellulose fibers include free radical polymerization, atom 
transfer radical polymerization, ozonation, and dry curing.  The grafting reaction methods 
utilized are predominantly of the ‘grafting from’ approach, such as free radical 
polymerization, in which ceric ammonium nitrate is the initiator.   
The cerium ion grafting approach is a ‘grafting from’ method and is one of the 
most common methods in the literature for preparing cellulose polymer grafted materials, 
especially hydrogels, using the grafting of vinylic monomers via the redox reaction with 
Ce4+ [171].  A reaction scheme of the Ce4+ free radical polymerization is shown in Figure 
13 below.  Briefly, the cellulose is pretreated with cerium ammonium nitrate, forming a 
Ce4+ complex with cellulose.  When this complex is exposed to acid, such as HNO3, free 
radicals are formed via a single electron transfer process.  Vinyl monomer polymerization 
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with the cellulose fiber occurs.  Ceric ion initiation is a preferred reaction method as it 
has a higher grafting efficiency than do other re-dox systems such as Fe(II)-H2O2), and 
has a correspondingly high rate of polymerization, even at low reaction temperatures.   
 
 




The predominant monomers associated with grafting using cerium ammonium 
nitrate are acrylics, such as acrylamide, acrylic acid, ethyl acrylate, acrylonitrile, and 
methyl acrylate.  The patent literature has also explored crosslinking cellulose fibers with 
acrylic-containing polymers/monomers to improve water absorption [176-185].  Lepoutre 
is frequently cited as one of the first to explore grafting using cerium-ion-initiated free 
radical polymerization [186].  Rezai and Warner performed a large study evaluating the 
grafting of various acrylic monomers onto unbleached northern softwood kraft pulp 
fibers, unbleached southern softwood kraft pulp fibers, unbleached aspen pulp fibers, 
unbleached eucalyptus pulp fibers and cotton linters with several types of pulp fibers 
[173, 187, 188].  The ceric (IV) ammonium nitrate grafting procedure developed by 
Lepoutre and Hui [189, 190] was utilized and the grafted pulp fibers were evaluated for 
water retained after centrifugation, the effect of monomer to pulp fibers ratio variations 
on water retention, and the effects of the incorporation of grafted fibers on handsheet 
properties [173].    
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Rezai and Warner evaluated six different monomers (2-acrylamido-2-
methylpropanesulfonic acid, dimethyl itaconate, acrylic acid, ethyl acrylate, acrylonitrile, 
and methyl acrylate) for maximum tea bag gel volume upon grafting onto unbleached 
northern softwood kraft pulp fibers using a ratio of monomer to pulp of 3:1 [173].  The 
results are summarized in Table 11 below.  Of the six evaluated, the grafted methyl 
acrylate – unbleached northern softwood kraft pulp fibers and the acrylonitrile grafted 
unbleached northern softwood kraft pulp fibers retained the greatest mass of water, 41 g/g 
and 34 g/g, respectively (Table 11).  The authors suggest that homopolymerization of the 
other monomers occurred in preference to grafting to the pulp fibers.  This is reflected in 
the lower yields achieved (Table 11).  Tea bag gel volume is the mass of the water 
retained by the pulp fibers after achieving maximum water absorption and subsequent 
centrifugation of pulp fibers at 125g for 30 min.  
Table 11. Evaluation of various monomers' water capacity after centrifugation via tea 
bag gel volume, TBGV, (g/g) and grafting yield after grafting to unbleached Northern 




 (g/g) Yield, % 
None (ungrafted) 3 - 
2-acrylamido-2-  
   methylpropanesulfonic acid 
3 Very low 
Dimethyl itaconate 6 30 
Acrylic acid 10 20-25 
Ethyl acrylate 10 50 
Acrylonitrile 34 80-90 
Methyl acrylate 41 70-80 
*TBGV is tea bag gel volume and is a measure of the 
water retained by the grafted pulp fibers after 
centrifugation at 125 g for 30 min.   
 
Rezai and Warner observed that as the ratio of monomer to pulp fiber increased 
from 0.5:1 to 4:1, the tea bag gel volume (TBGV - water retention after centrifugation of 
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pulp fibers at 125g for 30 min) increased and reached a maximum TBGV (g/g) at the 3:1 
monomer to pulp weight ratio. This was true for both the methacrylate grafted 
unbleached southern softwood pulp fibers and the methyacrylate grafted unbleached 
northern softwood pulp fibers, which were measured at 39.1 g/g and 36.1 g/g, 
respectively [173].  In addition, they observed the swelling behavior of the grafted pulp 
fibers using light microscopy.  In doing so, it was observed that unrestrained swelling of 
the fiber occurred at the higher monomer to fiber ratios, but ballooning of fiber sections 
occurred at lower monomer to fiber ratios.  This ballooning was attributed to localized 
grafting of the monomer to the fiber, whereas the unrestrained swelling was attributed to 
the near complete surface grafting of the monomer to the fiber.       
Jain, Xiao and Ni grafted poly(methyl acrylate) onto bleached sulfite pulp fibers 
via a free radical polymerization reaction using ceric ammonium nitrate as the initiator to 
produce water-absorbing cellulose pulp fibers [191].  Reaction conditions, including the 
effect of fiber concentration during grafting, effect of fiber length, effect of initial 
monomer concentration, and effect of reaction time ceric ion charge, were evaluated.  
Using a typical ceric-ion-initiated free radical grafting and polymerization procedure, a 
conversion of the monomer of up to 95% (poly(methyl acrylate) (PMA) was achieved.  
Only water retention values (no water absorption values) were reported. Water retention 
value was measured by centrifuging grafted and ungrafted samples at 900g for 30 min 
[192].  Water retention values of the PMA grafted sulfite pulp fibers showed an 
improvement of 908% to 1360% above the ungrafted control sulfite pulp fibers [191].  
The maximum water retained, 91.2 g/g, was obtained using reaction conditions of 10% 
fiber concentration and a ratio of monomer to pulp of 4:1, with a 3.5 wt% ceric 
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ammonium nitrate charge relative to pulp providing the highest grafting yield [191].  Jain 
et al. also investigated the effect of fiber size on grafting efficiency, ultimately 
concluding that grafting efficiency remained approximately the same as pulp fiber size 
decreased (reaction conditions of 2:1 monomer to pup ratio, CAN charge of 3.5 wt % of 
pulp, and reaction time of 4.0 h) [191].   
Kim and Mun prepared cellulose superabsorbents using graft copolymerization of 
acrylamide with N,N’-methylenebisacrylamide (MBAM) as a crosslinking agent [193].  
With the MBAM as a crosslinking agent, the grafted pulp fibers demonstrated significant 
improvement in water absorption and water retention when compared with pulp fibers 
from other studies.  The grafted pulp fibers’ water absorption was predicated upon the 
grafting yield, reaching a maximum water absorption value of 2700 g/g at 220% grafting 
efficiency, and then decreasing dramatically to 500 g/g as grafting yield continued to 
increase [193].  Saline absorbency was ~60 g saline/g dry grafted fiber; saline absorbency 
followed the same trend, reaching a maximum absorbency of saline and then decreasing 
as grafting yield continued to increase.  Grafting yield generally increased as reaction 
time increased, with the best grafting yield occurring at a reaction time of 180 min [193].   
Several other research groups have investigated similar reaction conditions, such 
as the grafting of acrylate monomers via a ceric ion redox reaction, which have resulted 
in similar findings; the grafting of the monomers onto the cellulose fiber did result in 
greater water retention values when compared to those of the ungrafted pulp fibers.  For 
example, Ali, Saikia, and Sen grafted acrylonitrile to α-cellulose from Hibiscus 
sabdariffa, which resulted in grafted fibers that demonstrated a TBGV value of 5.35 – 
5.60 g/g, an improvement from the 1.27 – 1.32 g/g water retention values obtained by the 
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ungrafted cellulose [194].  Up to 60 g/g and 36 g/g maximum water and saline absorption 
values, respectively, were achieved by Deo and Gotmare upon the grafting of 
acrylonitrile to gray cotton using a KMnO4 – HNO3 redox reaction system [195].   
There has been considerable interest in developing cellulose-based water 
absorbent materials in the last few years, coinciding with this thesis work [191, 196-203].  
For example, Dahou, Ghemati, Oudia, and Aliouche grafted acrylic acid and acrylonitrile, 
separately, onto cellulose fluff pulp to measure the water absorption and retention of the 
grafted fibers in water, saline and synthetic urine, and to determine the antimicrobial 
capability of said grafted fibers [174].  The water absorption value of the cellulose-poly 
acrylic-acid-grafted fibers was 21.84 g/g and the water retention value was 13.83 g/g; the 
water absorption value of the acrylonitrile-grafted cellulose fluff pulp was 22.25 g/g with 
a water retention value of 14.57 g/g [174].  By comparison, the ungrafted cellulose water 
absorption and water retention values were 10.75 g/g and 5.11 g/g, respectively [174].  
However, when the acrylic acid was co-polymerized with EDMA, the resulting grafted 
pulp fibers demonstrated considerable improvement in water absorption and retention 
values, which were recorded as 32.68 g/g and 20.04 g/g, respectively [174].   
Atom-transfer radical polymerization (ATRP) has also been utilized as a grafting 
method to create water-absorbing cellulose-based materials [204].  Coskun and Temüz 
individually grafted styrene, methyl methacrylate, methylacrylamide, and 
acrylomorpholine to chloroacetate cellulose powder, with CuBr and 1,2-
dipiperidinoethane as the transition metal compound and ligand, respectively [204].  
After reacting for 20 hr at 130 °C, the grafted cellulose was analyzed for water and dye 
uptake.   While all grafted celluloses demonstrated improved water absorption compared 
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to that of the starting cellulose powder, a maximum water uptake of 895% was obtained 
using the cellulose-grafted methacrylamide [204].  Comparatively, the chloroacetate 
cellulose (non-grafted) had a maximum water uptake of 423%, the cellulose-grafted 
methylmethacrylate water uptake was 467%, and the cellulose-graft – acrylomorpholine 
water uptake was 770% [204].   
Temuz, Coskun, and Oelcuecue also explored grafting cellulose methacrylate 
powders with a variety of amides and determining the water uptake, as well as the dye 
and metal absorption [205].  Various amide monomers, including N-
phenylmethacrylamide (PPMA), 4-acryloylmorpholine (PAcM), and 2-
methacrylamidopyridine (PMAP), were grafted onto the cellulose methacrylate powder 
via free radical polymerization with α,α’-azobisisobutyronitrile (AIBN) as the initiator.  
The amide-grafted methacrylate celluloses had water uptake percentages of 532.4%, 
736.8%, and 954.5%, which were greater than those of cellulose (376.6%) and cellulose 
methacrylate (503.1%) [205].   
An ozone-induced graft polymerization method was utilized by Karlsson and 
Gatenholm to create cellulose-based hydrogels [206].  The cellulose fibers from cotton 
filter paper linters were conditioned in 100% relative humidity were exposed to ozone 
gas to induce the formation of hydroperoxides.  Immediately after this, the ozone-treated 
fibers were crosslinked with the monomers (acrylic acid and ethyleneglycol 
dimethacrylate) via a redox reaction with iron(II) ammonium sulfate hexahydrate acting 
as the redox initiator [206].  Unlike most other similar procedures, Karlsson and 
Gatenholm did not further saponify the grafted fibers to improve their water absorption 
and retention capabilities.  The water absorption behavior of these grafted cellulose fibers 
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in various pH solutions was the focus of the swelling studies reported.  A maximum 
water absorption of approximately 14 g solution/g grafted fiber was achieved at pH 8 and 
pH 11, with a minimum value of approximately 3 g/g and 4 g/g at pH 2 and 3, 
respectively [206].   
Östenson and Gatenholm improved the wettability of pulp fibers via gas phase 
ozonation [207].  This was demonstrated using a contact angle analysis of a droplet of 
water on the fiber whereby the contact angle decreased as ozonation exposure increased.  
After 60 min ozonation time, the contact angle was zero, a dramatic decrease from an 
initial contact angle of 62° for the untreated fibers [207].  In addition, the time of initial 
absorption of a droplet of water was measured.  Initial absorption of the untreated fibers 
was approx. 415 ms, while initial absorption of the 1 min treated fibers showed a 75% 
reduction in absorption time, with the absorption occurring in only 140 ms [207].  The 
time of initial absorption continued to decrease as time of ozonation increased, with a low 
of approx. 50 ms at 60 min [207].   
There has been some research analyzing the potential of grafting polycarboxylic-
acid-containing monomers/polymers to cellulosics with the intention to create a hydrogel.  
Of these studies, the vast majority of the published research has focused on the potential 
of polycarboxylic acid polymers as a viable substitute for formaldehyde in creating 
wrinkle-free cloth [208-215]. Polycarboxylic acids are now also being investigated for 
their ability to act as flame retardants [216, 217].   The crosslinking of cellulosics with 
polycarboxylic acids has also been investigated as a method to improve the wet strength 
of paper [218-221].  In addition, industry has demonstrated interest in the field in the 
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form of patent literature concerning crosslinking with polycarboxylic acids to improve 
the water absorption and retention of cellulose pulp fibers [176, 183, 184, 222-227]}.  
Yang characterized the reaction mechanism between carboxylic acids and 
cellulose using FT-IR techniques.  In doing so, it was demonstrated that the esterification 
of cellulose by a polycarboxylic acid occurs in a two-step process, as shown in Figure 14.  
First, a dehydration step, in which the water is removed and the two carboxylic acid 
groups form a cyclic anhydride intermediate.  Next, the cyclic anhydride intermediate 
reacts with the primary alcohol of the cellulose to form an ester linkage via an 
esterification reaction.  Pantze, Karlsson, and Westermark demonstrated that a pH less 
than 2 is ideal for the esterification of cellulose with carboxylic acids and that at a pH 





Figure 14. Scheme of the two-step reaction mechanism of the esterification of cellulose 
by a polycarboxylic acid. 
      
Xu and Yang also compared the effects of crosslinking unbleached kraft pulp with 
small and large polycarboxylic acids, specifically poly(maleic acid) and poly(methyl 
vinyl ether co maleic acid), Mn of 800 and 1,130,000, respectively, on both the dry and 
wet performance of paper sheets [218, 219].  The polymers were crosslinked with the 
kraft paper sheets via a thermal esterification reaction with sodium hypophosphite as a 
catalyst.  It was determined that the larger polycarboxylic acid polymer, PMVEMA (Mn 
1,130,000) predominantly bonded with the paper fibers via interfiber crosslinking.  The 
smaller polymer with the Mn of 800, poly(maleic acid) (PMA), was able to penetrate the 
51 
 
pores of the wood cellulose fibers and form intrafiber crosslinking between cellulose 
fibers.  Due to the differences in inter- and intra-fiber bonding, the swelling capabilities 
and the dry and wet performance of the crosslinked paper sheets can be explained.  
However, the intra-fiber bonding of the larger PMVEMA explains why the PMVEMA-
crosslinked paper sheets showed a ~20% improvement in dry strength, while the inter-
fiber bonding of the PMA improved the wet strength.    
The grafting of celluloses with carboxylic-acid-containing polymers has been 
presented in the patent literature.  For example, Westland, Jewell, and Neogi crosslinked 
poly(maleic acid) and poly(acrylic acid) with wood pulp fibers, including softwood 
sourced pulp fibers [183, 184, 227].  Ultimately, the water absorbent volume of the 
crosslinked cellulose fibers ranged from 10 – 30 g/g.  Barcus and Bjorkquist crosslinked 
a poly(maleic acid)-containing co-polymer with polyethylene glycol and pulp fibers with 
a goal of finding a method of chemically combining the cellulose fibers with the 
superabsorbent materials used in diapers [229].  At the time, diapers were made of 
separate layers of cellulose and superabsorbent material, which at the time had a tendency 
to leak out of the diaper.  They evaluated PMVEMA polymers of varying size (Mn from 
20,000 to 80,000), crosslinking PMVEMA variations and poly(ethylene glycol) to the 
cellulose fibers from a variety of pulp fibers (sulfite pulp, softwood kraft, hardwood 
kraft) [229].  While the initial data in the patent was promising, with water absorption 





2.5 Microwave-assisted synthesis and crosslinking. 
2.5.1 Introduction to microwaves. 
 
Microwaves are part of the electromagnetic spectrum, falling between infrared and radio 
waves (Figure 15).  While microwaves have a frequency range of 300 MHz to 300 GHz, 
and wavelength range of 1 m to 1 cm, it has been mandated that for commercial use 
microwaves be limited to three ISM bands of 2.45 GHz, 915 MHz, and 27.12MHz 








Microwave oven reactors use a cavity magnetron to generate microwaves by 
converting electric current to microwaves [2, 172].  Briefly, electrons move from the 
cathode to an anode as an electric field is applied.  In addition, a magnetic field is applied 
orthogonally to the electric field and parallel to the cathode.  As the electrons move from 
the cathode to the anode, the magnetic field forces the electrons to move in a rotating 
pattern.  The electrons impinge upon the cavity sides, causing the cavities to oscillate due 
to a transfer of energy from the impinging electrons.  These oscillations are then captured 
by and transmitted (through an antenna, for example) as microwaves, in this case into a 
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microwave reactor.  These microwaves can then interact with matter in three different 
ways: absorption, reflection, and transmission [172, 231]. 
Absorption of microwaves occurs in materials or molecules that have either a 
permanent or an induced dipole moment [231].  The mechanism of this absorption is 
called dielectric heating.  The electric and magnetic force parts of the microwave rapidly 
change direction at a rate of 2.4 x 109 per sec.  When microwaves are absorbed by such 
materials, the microwaves induce atomic motion (rotation).  The molecules try to move 
with the oscillations, albeit with a slight lag.  With each movement of the molecule, the 
molecule can freely rotate or can collide to interact with a neighboring molecule.  It is 
this collision and subsequent rotation which converts the electromagnetic energy into 
kinetic energy, manifested as thermal heat. During this ‘dielectric coupling’ energy can 
be lost; this is described as dielectric loss.  This occurs throughout the entire substance as 
long as certain penetrating depths of microwaves into the medium are maintained.  This 
method differs from traditional conduction heating methods where the heat travels as a 
gradient through the material being heated.   
Materials are compared according to their ability to absorb microwaves and 
efficiently transfer electromagnetic energy. This ability is expressed using the individual 
loss tangent (tan δ) [231].  A high loss tangent value indicates that the material is able to 
absorb microwaves and generate heat efficiently. This value is calculated using the 
following equation [231],   




where ε’, relative permittivity, is the ability of a molecule to be polarized by an electric 
field and ε’’, the dielectric loss value, describes the ability of the material to convert 
dielectric energy into heat.  As such, tan δ is used to define the ability of a material to 
convert electromagnetic energy into heat energy at a specified temperature, frequency of 
the electromagnetic waves, physical state of the material, and composition of the 
material.  A final consideration for using microwaves in reactions is that consideration 
must be given to the penetrating depth of the microwaves as well as to the volume and 
heat capacity of the reaction mixture. 
The most often ascribed benefits of microwave-assisted reactions are reduced 
reaction times, improvement of yields and selectivity of products, and the ability to have 
solvent-less reactions or solid phase reactions [230].   These benefits are seen repeatedly 
in the literature and will be highlighted throughout this review.   
Microwave-assisted reactions and synthesis have been applied to virtually every 
field of science and chemistry.  The initial step when using microwaves in reaction 
synthesis is to determine if microwaves can be an effective method to generate product.  
Once this is determined and the process is optimized, the reaction process is simply 
treated as another option in the chemist’s arsenal of reaction techniques.  
While microwave and microwave oven technologies have developed since their 
first introduction in the 1940’s, the first published works on the utilization of microwaves 
and the effect microwaves can have on matter did not appear until the late 1960s.  The 
first uses of microwave-irradiation crosslinking focused primarily on microwave curing 
of polyurethane foams, resin coatings, or rubber in industrial uses, as this method 
appeared to result in uniform crosslinking.  It was not until 1986, when two papers were 
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published in Tetrahedron Letters on using microwaves in chemical synthesis, that the use 
of microwaves began to expand [232, 233].  Both the Giguere paper and the Gedye paper 
were important in demonstrating that microwave irradiation was a viable chemical 
synthesis technique that could increase reaction rate and yield. Gedye showed that the 
microwave-assisted reactions had increased rates, ranging from 6 to 240 times the 
convention reaction times.  In addition, percent yields of the microwave-assisted 
reactions were comparable to those of the conventional systems.  The most dramatic of 
these was the SN2 reaction of 4-cyanophenoxide ion with benzyl chloride, in which the 
classical synthesis reaction time was 16 hr with an 89% yield, while the microwave 
synthesis reaction time was just 4 min to achieve a 93% yield, an overall rate increase of 














Table 12.  The results of the Gedye experiments show decreases in reaction time when 























































2.5.2 Microwave assisted reactions of cellulosic materials.  
 
As a result of research such as the Gedye study, microwave irradiation became a 
research topic that was explored by a variety of industries, including the wood, pulp and 
paper, and, more recently, the biofuel industries.  An early example of a microwave-
assisted reaction involving non-solubilized cellulose was conducted by several groups 
who were interested in utilizing microwave irradiation to graft polymers to wood 
specimens to protect wood color [234, 235] and to impart anti-swelling properties [236] 
as well as to enhance the diffusion of chemicals from the wood surface [237].  Timar, 
Maher, Irle, and Mihai performed a two-step esterification on sawdust from Aspen wood 
Populus tremula where maleic anhydride was first esterified with sawdust using thermal 
treatment (120 °C). The sawdust was subsequently oligoesterified with glycidyl 
methacrylate and maleic anhydride in order to compare conventional heating and 
microwave irradiation [238].   Similar results, including degree of modification and 
physical properties, were obtained for both conventional heating and microwave 
irradiation; the microwave irradiation reaction time was approximately half that of the 
conventional heating, 3-4 h versus 7 h, respectively.   
Microwave irradiation of bio-based materials, such as lignocellulosics, for the 
improved extraction of sugars, lignins, and other compounds contained within these 
biomaterials has been of most recent interest.  A variety of cellulose sources has 
explored, including sugar beet pulp, kenaf pulp, sugarcane bagasse, corn stover, and 
wheat straw [239-244].  This has come under further scrutiny as methods to decrease the 
recalcitrance of separation of the lignin from cellulose and hemicellulose are becoming 
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especially important in finding ways to utilize woody materials for petroleum-substitute 
products.   
There has also been interest in using microwave irradiation in the processing of 
pulps.  For example, microwave irradiation of wood pulps has been explored as a method 
of bleaching.  Wan approached bleaching thermomechanical pulp (TMP) using non-
alkaline bleaching methods (hydrogen peroxide and magnesium carbonate) by irradiating 
93% consistency TMP pulp samples using a 2.4 GHz microwave at 300 W for 90 sec 
[245]. This method was successful in increasing the brightness of the TMP by 20 – 25 
points, a significant improvement.  Wu, Zhao, Li, and Chen were successful in utilizing 
microwave irradiation in the hydrogen peroxide bleaching of soda-anthroquinone wheat 
straw pulp. While demonstrated improvements in pulp brightness were observed when 
were compared to traditional methods, the microwave bleached-pulp had lower fiber 
lengths [246].   
Chadlia and Farouk formed ester linkages via microwave irradiation between 
cyclic anhydrides (such as maleic, succinic, and pthalic anhydrides) and cellulose 
extracted from Posidonia [247].  Esterification of the solubilized cellulose, using the 
LiCl/DMAc system, was optimized at 160 W for 10 min using an organic catalyst, an 
inorganic catalyst, and no catalyst, with the goal of reducing reaction time and increasing 
reaction efficiency.  Ultimately, DMAP (the organic catalyst) resulted in the highest 
percent grafting of the anhyrides to the cellulose, while CaCO3 (the inorganic catalyst) 
performed slightly less efficiently, and no catalyst was the least effective.  The 
microwave-assisted esterification was achieved in 10 min at 160 W, a significantly lower 
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reaction time than the traditional conventional heating process, which took 12 h at 130 
°C.   
Satge used microwave irradiation to esterify solubilized cellulose with long-chain 
acyl chlorides using N,N-dimethylaminopyridine (II) as a catalyst (Figure 16) in a typical 
acylation reaction via an electrophilic substitution mechanism [248].  The reactants were 
microwave-irradiated for 1 min at 300 W.  As the same reaction procedure under 
conventional heating procedures can take anywhere from 30 min to 2 days, this was a 
successful application of microwave irradiation in chemical synthesis in terms of reaction 
efficiency improvement.   
 
Figure 16. Microwave irradiation at 300 W and 1 min resulted in esterified cellulose with 
long-chain acyl chlorides [248]. 
  
Successful microwave irradiation of cellulose sources solubilized in Li/DMAC has 
included Takano, Ishikawa, Kamitakahara, and Nakatsubo’s study, in which they used 
solubilized microcrystalline cellulose as a reactant to produce 6-amino-6-deoxycellulose 
[249]. 
Another method of microwave-initiated homogeneous cellulosic reactions is the 
use of microwave irradiation to assist in dissolving cellulose in ionic liquids [250].  
Common ionic liquids used as cellulose solvents include 1-butyl-3-methylinidazolium 




Figure 17. Commonly used ionic liquids to solubilize cellulose with microwave 
irradiation [250]. 
 
Lin, Zhan, Liu, Fu, and Huang were successful in grafting acrylic acid onto 
cellulose that was solubilized using the ionic liquid 1-butyl-3-methylinidazolium chloride 
for the purpose of creating an adsorbent to remove Cu2+ ions from wastewater [251].  Lin 
et al. used microwave irradiation both to solubilize the cellulose in the ionic liquid and 
for the reaction of the grafting of the acrylic acid to the cellulose with ammonium 
persulfate as the initiator and N,N'-methylenebisacrylamide as the crosslinker.  The 
reaction time of the acrylic acid grafting was reduced from 2 h to 3 min.  Figure 18 shows 
the reactants used in this reaction.   
 
 
Figure 18. Reactants used by Lin, Zhan, Liu, Fu, and Huang to graft acrylic acid to 




Other groups have explored similar microwave reactions with ionic liquids, 
cellulose and grafting agents with similar results of decreased reaction times.  Reduced 
reaction times and enhanced selectivity for microwave irradiation of cellulosics are 
reported benefits of this technology.  For example, Satge, Granet, Verneuil, Branland, 
and Krausz have successfully esterified soluble microcrystalline cellulose with 4-
dimethylaminopyridine and lauroyl chloride using microwave irradiation to reduce to 1 
min reaction times that ranged initially from 0.5 h – 48 h [248].  
One of the benefits of microwave irradiation is that it allows for research into 
fields such as grafting onto cellulosic fibers.  There has been some research work in this 
field utilizing microwave irradiation; however, this research has been not nearly as 
extensive as the studies of homogeneous reactions of solubilized cellulose described in 
the section above.  This thesis work will utilize this capability of heterogeneous non-
solvent microwave reactions.   
Li, Zhang, Peng, Bian, Yuan, Xu and Sun optimized the microwave-assisted 
solvent-free acetylation of cellulose with acetic anhydride and using iodine as a Lewis 
acid catalyst (Figure 19) [252].  This reaction was optimized for microwave irradiation 
power (300 – 800 W), reaction time (5 min – 40 min), reaction temperature (80 – 130 C), 
and catalyst concentration (1 – 15 mol%).  Reaction conditions were optimized to 30 min 
at 400 W, with the values of the reactants being 0.4075 g cellulose, 10 ml acetic 
anhydride, and 5 mol% iodine as catalyst.  It was determined in the optimization process 
for this reaction that reaction time and temperature had a greater influence on the degree 
of substitution (DS) than the microwave power did.  These conditions resulted in a yield 
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of 35%, determined as increase in grams of the acylated cellulose per gram of starting 
cellulose.   
 
 
Figure 19. Li et al. successfully acylated cellulose with acetic anhydride using 
microwave irradiation [252]. 
 
 
Lin, Chen, Huang, Dufresne and Chang grafted polycaprolactone to cellulose 
whiskers using a ring-opening polymerization procedure and microwave irradiation with 
an ultimate goal of improving the mechanical properties of polylactic acid by 
incorporating these grafted whiskers with the PLA matrix [253].  Improvement of the 
mechanical properties was demonstrated, with an optimal incorporation by weight of 8%, 
an improvement of 1.9 times strength and 10.7 times elongation over neat PLA.   
Feng, Li, and Wang grafted polymerized acrylic acid to flax shive cellulose with 
microwave irradiation using KPS and N,N’-methylenebisacrylamide as a crosslinking 
agent [254].   The crosslinked fibers demonstrated good effectiveness as superabsorbents 
for water as well as NaCl, KCl, FeCl3, and urine solutions with absorbency values of 
1000 g/g, 56.47 g/g, 54.71 g/g, 9.89 g/g and 797.21 g/g, respectively.   
Yang, Mao, Lu, Ran, Gu, and Liu esterified Luffa cellulose with acetic anhydride 
and compared the esterification degree of microwave and thermal mechanisms [255].  
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The microwave reaction time of 20 min was dramatically lower than the hot oil heating 
esterification method reaction time of 90 min.  In addition, the microwave reaction 
method was determined via FT-IR analysis to be a more effective esterification reaction 
method than the conventional oil bath.    
Wan described the microwave irradiation grafting of methylmethacrylate onto 
bamboo-sourced cellulose using ceric ammonium nitrate as the initiator [256].  Antova, 
Vasvasova, and Zlatanov synthesized cellulose stearate via a transesterification reaction 
of low molecular weight microcrystalline cellulose and methyl stearate [257].   Zhao 
investigated grafting of acrylamide and acrylic acid to cellulose via microwave 
irradiation in preparing a material to adsorb copper (II) from wastewater [258].  
Similarly, Matahwa et al. utilized microwave irradiation to graft polymerize N-isopropyl 
acrylamide and methyl acrylate to alpha-cellulose with cerium (IV) ammonium nitrate 
and potassium persulfate (KPS) as the initiating system [259].  Guo et al. synthesized 
cellulose carbamate utilizing microwave irradiation at 255 W for 2-5 min [260].  Kaith et 
al. grafted methyl methacrylate onto Saccharum spontaneum (wild sugarcane grass native 
to southeast Asia) L. fibers  [261].  The grafting efficiency was maximized to 62.3% with 
reaction parameters of time, initiator molar ratio, monomer concentration, microwave 
power, pH, and solvent optimized.  The resulting fibers were moisture-resistant and 
further characterized using FT-IR, SEM, XRD, TGA, DTA, and DTG.  
There have been microwave-assisted reactions in a variety of fields and methods, 
with excellent examples of the broadness of scope of microwave-assisted reactions.  
However, the use of microwave-assisted irradiation reactions to create hydrogels or 
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superabsorbent polymers using wood pulp fibers has been investigated by few research 

















 EXPERIMENTAL MATERIALS AND METHODS 
 
3.1 Materials.  
3.1.1  Chemicals. 
 
Poly(methyl vinyl ether-co-maleic acid) (PMVEMA) (MW1.98 x 106) was donated 
by ISP Corp. New Jersey, under the trade name Gantrez S-97, in dry powder form. 
Polyethylene glycol (PEG) (MW 3350) was purchased from VWR, USA.  Both were 
used without further purification.  Microcrystalline cellulose (VIVAPUR® 105) was 
acquired from JRS Pharma (Germany) and used without further modification to produce 
cellulose nanowhiskers.  All other chemicals, including NaOH pellets and 1 M NaOH, 
concentrated H2SO4, 1 M HCl were purchased from Aldrich or VWR and used as 
received.  Water used in all experiments was distilled or deionized water and is noted as 
such in the experimental procedures. 
3.1.2  Pulp.          
 
Paper mill produced fully bleached ECF (elemental chlorine free) kraft never 
dried birch pulp, donated by Metso Inc, Botnia, Finland was used as the source birch 
pulp.  The birch pulp fiber was in never-dry sheet form stored in a sealed plastic bag in 
the pulp refrigerator (40 °C) and used as-is for the pulp fiber hydrogel materials.  
Commercial ECF (elemental chlorine free) bleached southern softwood kraft pulp was 
used as a source of softwood cellulosic fibers.   The softwood pulp fiber was originally in 
air dry sheet form.  To prepare it for use, it was wetted in excess water, mechanically 
agitated by stirring with magnetic stir bar, air dried and stored in plastic sealed bags.  The 
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birch pulp and the air dry softwood pulps were mechanically milled using the Wiley Mill 
Grinder, USA.   Pieces of pulp were added to the grinder, milled, collected, and analyzed 
using the Fiber Quality Analyzer (FQA) as shown in Figure 20.  After milling, milled 
pulps were stored until further use.   Figure 21 visually compares the starting softwood 
pulp with the milled softwood pulp. 
 
Figure 20.  Birch and mixed softwood pulp fibers were added to the Wiley mill, milled to 








Figure 21. The size contrast between the starting softwood pulp fibers and the milled 




3.1.2.1 Fiber analysis using the Fiber Quality Analyzer.     
 
Pulp fibers, milled pulp fibers, and crosslinked pulp fibers were all analyzed using 
the Fiber Quality Analyzer (FQA), (Optest Equipment, Hawkesbury, Canada) following 
procedures described in the operating manual, Fiber Quality Analyzer, Code LDA96, 
(Figure 22).  Representative samples were mixed with D.I. water (~0.0008% consistency) 
and injected into the FQA.  Results were analyzed based on tests of 5000 counted fibers 
and included average length, kink, and percent fines.  Average fiber length was 
determined using an internal proprietary image analysis program and the fiber length 
(mm) as calculated via length weighted averaging is presented in Table 13. 
 
Table 13. Fiber size, length weighed, for the fibers and the Wiley-milled fibers. 
 
Fiber description Fiber length (mm)  
 (length weighted) 
Bleached mixed softwood pine fibers 2.499 
Wiley milled bleached mixed softwood pine fibers 0.450 
Bleached birch fibers 0.962 





Figure 22. The Fiber Quality Analyzer was used to determine size of starting pulp fibers 
and milled pulp fibers.  
  
3.2 Experimental procedures for the preparation of the pulp fiber 
hydrogels materials. 
 
3.2.1 Preparation of water absorbing pulp fibers.  
 
PMVEMA (3.350 g) and PEG (0.5000 g) was added to D.I. water (40.00 mL) 
preheated to 68 °C and acidified to pH 2 with 1.00 N HCl.   ECF bleached softwood was 
then added and mixed at room temperature until a viscous slurry resulted, approximately 
3-5 min.  Three compositions were prepared and classified based on the percent 
PMVEMA used by mass and described based on the percentage of PMVEMA (i.e., 32%, 
49%, and 66%).  Table 14 further describes how the mass of pulp to PMVEMA and PEG 
were varied.  This procedure was repeated to prepare crosslinked hydrogel materials with 
the birch kraft pulp and both the milled ECF bleached SW kraft pulp and the milled birch 
kraft pulp.  Further variations in component mixtures were also prepared to remove the 




Table 14. Name and composition of pulp hydrogels based on masses of pulp fibers, 
PMVEMA, and PEG. 
Pulp (g) PMVEMA (g) PEG (g) 
3.000 3.350 0.5000 
3.000 1.675 0.5000 
3.000 6.700 0.5000 
3.000 3.350 0.0000 
3.000 1.675 0.0000 
3.000 6.700 0.0000 
 
The slurry was spread (∼ 3 mm) on to an aluminum foil sheet or aluminum tray, 
air dried, removed from the aluminum foil and then cured in either a microwave (Hobart, 
1600 W) or thermal convection oven.  Example photos of the dried and crosslinked 
milled birch pulp at this experimental step is shown in Figure 23.   
 
Figure 23. Example of crosslinked milled birch - PMVEMA-PEG dry slurry. 
 
 
The curing condition for the convection oven was 6.5 min at 130 °C.  The microwave 
curing conditions were optimized to an irradiation time of 105 sec at 1600 W by 
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repeating the preparation of the 49PMVEMA-pine pulp and repeating the experimental 
conditions by varying microwave irradiation time and microwave power.   The samples 
were then wetted in deionized water (500.0 ml) and the pH of the solution was adjusted 
to pH 2.00, dispersed using a blender for 60 sec, and rinsed with water (1 l), and collected 
via suction filtration.  The collected fibers were dispersed in water (500.0 ml) and the 
solution pH of this mixture was raised drop-wise to pH 8.50 (1.00 M NaOH, VWR), 
collected and freeze dried for further characterization.  This is outlined in the following 
flow diagram (Figure 24). 
 
Figure 24.  General flow diagram detailing the experimental steps in the preparation of 
crosslinked ECF bleached kraft pulp fiber hydrogels. 
 
   To freeze dry the samples, the collected water absorbent fibers were placed in HDPE 
(plastic) containers, allowed to freeze completely in a lab refrigerator for at least 24 h at 
°C, and then placed in the freeze dryer until completely dry, generally requiring 3-5 days.  
An example of the final freeze dried product is shown in Figure 25.   






Figure 25. An example of the freeze dried crosslinked pulp fibers is shown. 
 
 
3.2.2 Water and 0.1 M NaCl absorption and retention – Tea Bag method. 
 
Water and 0.10 M NaCl sorption measurements of the crosslinked pulps and 
milled pulp were conducted using the traditional tea bag test method [262].  Briefly, 
0.1000 g (oven dry g) sample (W1) was added to a tea bag, heat sealed, weighed (W2), 
and immersed in deionized water or a 0.10 M NaCl aqueous solution for 8 h (Figure 26).   
 
Figure 26. A sealed teabag with crosslinked pulp - PMVEMA-PEG is immersed in 




The tea bag was subsequently allowed to drip dry for 10 min and weighed (W3).  A 
Beckman centrifuge was then used to centrifuge the tea bags at 770 rpm for 10 min and 
re-weighed (W4) to calculate the retention value.  The tea bag was dried in an 105 °C 
oven and was re-weighed for a final mass (W5).  The total water absorbed was calculated 




  W5-W2 
 
The retention value was calculated similarly and reported as g retained per g dry hydrogel 
(g/g).  Replicates were measured and the average is reported with the error stated as the 




     W5-W2 
 
The percent retained is the average retention value divided by the average absorption 
value and multiplied by 100%.  Student’s t-test calculations were also conducted to 
assure statistical relevance.   
3.2.3 Scanning electron microscopy.   
 
Representative samples of starting pulp fibers and freeze dried crosslinked 
hydrogels were mounted on stubs and gold sputter coated prior to imaging.  The fiber 
surfaces were imaged with a LEO 1530 thermally-assisted field emission (TFE) SEM 
with a 10 keV acceleration voltage and a Hitachi S800 field emission gun SEM with a 15 




3.2.4 Inverted light microscopy.   
 
A Leica DM-IRM Inverted Light microscope (Leica Microsystems GmbH, 
Germany) was used to compare the starting and crosslinked fibers in both the dry and 
swollen state.  Dry fibers were placed onto standard glass microscope slides and a glass 
coverslip placed onto the fibers.  Pictures were taken using a Hamamatsu ORCA-ER 
digital camera that was connected directly to the computer.  A 50 W metal halide lamp 
was used as necessary.  Magnification was 10x or 40x with a correction collar for the 
glass slide.  Fibers were wetted and then placed onto the slides and imaged and dry fibers 
were placed on the slides, imaged, and drops of water were added to the slides to observe 
swelling of the fibers from dry to wet state.   
 
3.2.5  FT-IR analysis of pulp fibers and crosslinked fibers.   
 
A Nicolet Magna-IRTM 550 Spectrometer FT-IR in transmission mode was used to 
collect the infrared spectroscopy data.  Resolution for the infrared spectra was 4 cm-1 
with 128 scans for each spectrum taken from 400 cm-1 to 4000 cm-1.The fibers and 
crosslinked fibers  was soaked in 0.10 M NaOH solution for 5 min, air dried and mixed 
using a mortar and pestle with 0.5 g KBr powder to obtain an IR spectra [263].  A second 
set were mixed using a mortar and pestle with KBr powder to obtain a comparison 
spectra.  KBr pellets were prepared by mixing pre-packaged and measured 0.5 g KBr, 
mixed with a mortar and pestle for at least 1 min, and then the resulting mixture placed 
into a pellet press.  Pellets were uniformly pressed to 20,000 psi for 2 min.   
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3.2.6  Soxhlet extraction to determine grafting ratio. 
 
The grafting ratio and efficiency were evaluated using a Soxhlet extraction procedure 
in which 0.25 g of the crosslinked pulps were placed into a Whatman 603 cellulose 
thimble, washed with deionized water for 15 h, dried in a 105 °C oven for at least 8 h, 
and weighed.  The percentage of the starting material that remained after the Soxhlet 
extraction was determined using the following equation: 
SW1 – SW2   X 100%, 
  SW1 
 
where SW1 is the initial sample mass, and SW2, is the sample mass after Soxhlet 
extraction.   
The estimated grafting ratio was determined using the following formula:  
SW2 – P%*SW1 x 100%, 
       PMP%*SW1 
 
where P% is the theoretical percentage of pulp in the crosslinked pulp, and PMP% is the 
theoretical percentage of PMA/PEG in the crosslinked pulp.   
 
3.3 Preparation of cellulose whisker crosslinked hydrogels. 
3.3.1 Preparation of cellulose whiskers with microcrystalline cellulose. 
 
Cellulose nanowhiskers were isolated from microcrystalline cellulose 
((VIVAPUR® 105, JRS Pharma) by acid hydrolysis with 63% H2SO4 resulting in a 40% 
yield based on the procedure reported by Bondeson, Mathew and Oksman [67].  
Microcrystalline cellulose (MCC) (120.00 g) was added to 598 ml deionized water.  This 
was placed in an ice bath and a mechanical stirrer was used to mix the slurry.  
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Concentrated sulfuric acid (602.0 ml) was added dropwise to ensure that the mixture did 
not become overheated.  This final mixture was then heated on a hot plate to a 
temperature of 45 °C for 130 min.  To stop the reaction, excess deionized water (~10-fold 
the volume of the reaction solution) was added to the mixture, allowing the hydrolyzed 
cellulose to settle to the bottom of the container.  The excess supernatant was carefully 
removed to ensure limited transfer of the hydrolyzed cellulose.   
The remaining hydrolyzed cellulose in solution was centrifuged for 10 min at 
14,000 rpm.  The supernatant was removed and replaced with fresh deionized water.  The 
sediment and the fresh deionized water were then thoroughly mixed so that the sediment 
was dispersed throughout the solution.  This was then re-centrifuged for 5 min at 10,000 
rpm and the process repeated where the removal of the supernatant, addition of fresh 
deionized water, and centrifugation was repeated three times to remove the excess acid.  
The collected sediment was placed into dialysis membrane tubing (SpectraPor, molecular 
weight cutoff of 25,000) to dialyze against deionized water to further remove excess acid 
and to raise the pH.  The deionized water was replaced as needed via monitoring the pH 
of the bath water.  The dialysis was further enhanced by placing a stir bar in the room 
temperature water bath to circulate the water.   
After dialyzing for 24 h, the contents were added to a beaker and magnetically 
mixed with Amberlite MB150, Mixed Bed Resin ion exchange beads (Rohm and Haas, 
Philadelphia, PA USA) with a stir bar to raise the pH to pH 6.  After the Amberlite settled 
to the bottom of the beaker and the magnetic stir bar was removed, the whisker solution 
was decanted into a second beaker, which was placed into an ice bath and probe 
sonicated for 20 min.   
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The sonicated whisker mixture was centrifuged for 5 min at 14,000 rpm and the 
cloudy supernatant collected and saved.  The remaining sediment was mixed with 
distilled water, sonicated, and centrifuged again for 5 min at 14,000.  This process was 
repeated until no cloudy supernatant is formed.   
The collected cloudy supernatant (the whiskers) are concentrated by dialyzing the 
suspension in dialysis tubing (SpectraPor, MWCO 25,000) against a polyethylene glycol 
(MW35000) solution with the amount of polyethylene glycol added as needed until the 
desired concentration of whiskers is reached [143].  The final concentrated whiskers are 
removed from the dialysis tubes and stored in the refrigerator for future use.  A flow 
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Figure 27.  Flow chart of the method for preparing cellulose whiskers. 
 
3.3.2  Characterization of cellulose whiskers.   
3.3.2.1 Flow birefringence of cellulose whisker solutions.  
 
A solution of whiskers was viewed through cross-polarized light filters cut from a 
lab stock polarized film sheet to observe the presence of birefringence using a setup 
similar to that in the figure below [264] (Figure 28).  Briefly, a dilute whisker solution 
was placed on a magnetic stir plate between two polarized light films (8 cm x 8 cm) that 
were cross-polarized arranged (VWR, USA).  While the solution was stirring, a tungsten 
filament generating unpolarized light was shined through one filter, through the stirring 
solution, and through the other filter.  Birefringence was observed and photographed 





Figure 28. The birefringent properties of cellulose nanowhiskers were observed by 
viewing the whisker solution through cross polarized films. 
 
 
3.3.3  Preparation of crosslinked cellulose whisker film hydrogels.   
 
The procedure for preparing the PMVEMA-PEG/CNW nanocomposite hydrogels 
is described as follows.  A 6.700:1.000 mass ratio of PMVEMA:PEG (3.850 g) was 
added to deionized water (40.00 mL) preheated to 68 °C and acidified to pH 2.00 with 
1.00 N HCl.  The reaction mixture was then thoroughly mixed with different 
concentrations of cellulose whiskers (CNW).  Five compositions were prepared and 
classified based on the percent cellulose whisker mass content in the resulting films 
including 0.000%, 25.00%, 50.00% 75.00%, and 100.0% cellulose whisker by mass.  
These films are described as 0CNW, 25 CNW, 50CNW, 75CNW, and 100CNW, 
respectively for simplification.  Table 15 further details the compositions.  Each 
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PMVEMA-PEG/CNW mixture was degassed, solution cast onto Teflon petri dishes, air 
dried overnight and then cured at 135.0°C for 6.50 min.  After curing, the films were 
allowed to cool to room temperature and stored in a desiccator at varying relative 
humidity for future experimental testing.  The relative humidity values were 2%, 54%, 
and 92% and were maintained using saturated salts.  An unreacted control film of 50 wt-
% whiskers-50 wt-% matrix was also prepared using the same method as the crosslinked 
nanocomposite hydrogels with the exception of not being cured.  
 
Table 15.  Composition of the PMVEMA-PEG/CNW nanocomposite hydrogels were 








0CNW 0.000 100.0 
25CNW 25.00 75.00 
50CNW 50.00 50.00 
75CNW 75.00 25.00 
100CNW 100.0 0.000 
 
3.4 Characterization of crosslinked cellulose whisker hydrogels.    
3.4.1 Fourier transform infrared spectroscopy.   
 
A Nicolet Magna-IRTM 550 Spectrometer FT-IR in transmission mode was used 
to collect the infrared spectroscopy data.  Resolution for the infrared spectra was 4 cm-1 
with 128 scans for each spectrum taken from 400 cm-1 to 4000 cm-1. 
One set of CNW films was soaked in 0.10 M NaOH solution for 5 min, air dried, 
ball milled for 1 min and mixed using a mortar and pestle with 0.5 g KBr powder to 
obtain an IR spectra [263].  A second set were ball milled for 1 min and mixed using a 
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mortar and pestle with KBr powder to obtain a comparison spectra.  KBr pellets were 
prepared by mixing pre-packaged and measured 0.5 g KBr, mixed with a mortar and 
pestle for at least 1 min, and then the resulting mixture placed into a pellet press.  Pellets 
were uniformly pressed to 20,000 psi for 2 min.   
3.4.2  Nuclear magnetic resonance (NMR) analysis. 
3.4.2.1 NMR analysis of starting materials.   
 
PMVEMA, PEG, and PMVEMA-PEG were dissolved in DMSO-d6 and analyzed as 
liquids 13C and 1H NMR in NMR tubes on the Bruker Avance-400 spectrometer 
operating at frequency of 100.59 MHz, with a 44.8 us dwell time, 1.468 sec acquisition 
time, and acquiring 10240 scans per sample.   
3.4.2.2 NMR analysis of cellulose whisker films.  
 
In preparation for NMR analysis, the nanocomposite hydrogels were Soxhlet 
extracted with water for 24 h to ensure removal of unreacted material.  These were then 
oven dried and ball milled.  The NMR samples were prepared by using samples 
conditioned at ambient air relative humidity/temperature or swelling the ball milled 
nanocomposites in 100% D2O for 4 h and loading them into 4-mm cylindrical ceramic 
MAS rotors.  Repetitive steps of packing the sample into the rotor were done to fully 
compress and load the maximum amount of sample.   
13C CP/MAS solid-state NMR measurements were carried out on samples 
conditioned at ambient air relative humidity/temperature on a Bruker DSX-400 
spectrometer operating at frequencies of 100.55 MHz for 13C in a Bruker double-
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resonance MAS probe head at spinning speeds of 10 kHz.  CP/MAS experiments utilized 
a 5 µs (90°) proton pulse, 1.5 ms contact pulse, 4 s recycle delay and 8000 scans.   
1H spin-spin (T2) NMR experiments on samples swollen in 100% D2O were 
performed on a Bruker DSX-400 spectrometer, operating at frequencies of 399.875 MHz 
for 1H in a Bruker double-resonance MAS probe head at 2 kHz.  A standard Carr-Purcell-
Meiboom-Gill (CPMG) sequence with a τ = 50 us, utilized a 5 µs (90°) proton pulse, 2 s 
recycle delay and 128 scans.  The resulting T2 decay profiles were analyzed using a 
single-component exponential or two-component Gaussian-exponential model. 
 
3.4.3  Atomic force microscopy. Cellulose whiskers and films.   
 
The cellulose whiskers, as well as the nanocomposites, were characterized using a Veeco 
MultiMode scanning probe microscope with a Nanoscope V controller.  For the analysis 
of CNWs, a droplet of the aqueous whisker suspension (0.5% by weight) was dried on a 
mica surface prior to AFM examination.  Images (1µ x 1µ) of the whisker films were 
directly imaged using a tapping mode etched silicon tip, with a nominal spring constant 
of 5.0 N/m and a nominal frequency of 80 kHz.  The nanocomposite hydrogels were 
embedded in epoxy and ultramicrotomed before using the AFM to map the morphology. 
The images from the cross-section of the nanocomposite samples were collected using a 
tapping mode etched silicon tip, with a nominal spring constant of 5 N/m and a nominal 




3.4.4  Tensile measurements of cellulose whisker films.  
 
The tensile measurements were performed on an Instron 4411 (USA) with a 500 N load 
cell.  Rectangular shaped strips (0.300 mm – 0.400 mm thickness) were cut from the 
nanocomposites. The gauge length was 25.0 mm and a stain rate of 5.0 mm/min was 
applied. The maximum strength and modulus were calculated. The values given are based 
on 5 tests per composition. The error in the measurements was reported as the standard 















Figure 29. An Instron 4411 was used to determine physical properties of the crosslinked 





3.4.5 Water sorption studies.  Whisker films.   
 
The film samples used for water sorption studies were circular discs 20 mm in 
diameter, cut from films conditioned at 54% relative humidity [265].  The cut samples 
initial weight and dimensions were measured and recorded.  After this, the discs were 
placed in excess (approximately 150 ml) deionized water at room temperature.  The 
samples were removed at time intervals appropriate for each composition, gently blotted 
with KimWipe® paper to remove excess water on the surface of the films and weighed; 
the error due to evaporation was found to be insignificant.  Three replicates were 
performed for each composition.  This process was continued until equilibrium swelling 
was reached which is indicated by constant weight.  The water uptake was then 
calculated using the following equation.  
Water Uptake =  
Mr is the relative mass of the crosslinked composite and Mi is the initial mass of 
the 54% relative humidity conditioned sample.  The maximum water uptake quantities 
were statistically analyzed using Student’s t-test using the following parameters and 













n=number in each group, 
s1 = standard deviation of group one 
s2 = standard deviation of group two 
1x = mean of group one 
2x  = mean of group two 
 
3.4.6  Gel content of whisker films.  
 
Gel content of the prepared films was measured using an adapted ASTM Standard 
2765 [266].  One sample from each composition was cycled with water for three days, 
after which, the samples were removed, air dried, and weighed.  Gel content was 
calculated with the following equation.   
= [(W3 – W4)/((W2 – W1) – F(W2 – W1))] x 100 
= [(W3 – W4)/((1-F)(W2 – W1))] x 100 
where:  
W1 = weight of the mesh pouch, open 
W2 = weight of specimen and pouch open 
W3 = weight of specimen and pouch closed 
W4 = weight of specimen and pouch after extraction and drying 
F = fraction of whiskers in film 





3.4.7  Percent extractable content. Cellulose whisker films Soxhlet 
extraction. 
 
Soxhlet extractions were carried out on the 0CNW, 25CNW, 50CNW, and 
75CNW crosslinked films as well as an unreacted mixture of the 50CNW.  The films 
(0.50 g) were Soxhlet extracted with deionized water for 24 h.   The Soxhlet extraction 
was performed by placing a pre-weighed film sample with an average weight of 0.50 g 
into a 25 mm x 80 mm Soxhlet thimble.  The thimble was then placed into an 85 ml 
capacity Soxhlet extraction apparatus, and the test was carried out for 24 h with deionized 
water at 100 °C.  Upon completion, the disk sample was removed and placed in an 105 
°C oven to dry.  The samples were then re-weighed to calculate the percent extractable 
content.   
 
3.4.8 Scanning electron microscopy.  Solution cast cellulose whisker films.  
 
Representative samples of the air dry solution cast crosslinked films (0CNW – 
100CNW) were mounted on double-sided SEM tabs and stubs and gold sputter coated 
and imaged using a JEOL JSM-5200 SEM at 15 keV.   
 
3.4.9 Scanning electron microscopy.  Water swollen cellulose whisker films.  
 
The 25CNW, 50CNW, and 75CNW films were placed in ~150 ml deionized 
water and freeze dried.  The freeze dried films were then mounted on double-sided SEM 
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tabs and gold sputter coated.  The water swollen films were imaged using a Hitachi S800 
field emission gun SEM at 15 keV.   
 
3.4.10 Thermogravimetric analysis.  
 
Thermal properties analyses of the starting materials and the prepared films were 
performed on a TGA TA Instruments Q 500 (USA).  Samples of 6–10 mg samples were 
heated from room temperature to a maximum temperature of 600 °C at a rate of 10 




COMPARISON OF THERMALLY-ASSISTED AND MICROWAVE-
ASSISTED CROSSLINKING TECHNIQUES IN PREPARATION OF 
ENHANCED WATER ABSORBING POLYMER-GRAFTED ECF 





There is great interest in developing new products from natural resources as 
sustainable alternatives to petroleum-derived products [17, 267-277].  Cellulose is one of 
the key natural resource building blocks being investigated as a potential source of 
sustainable biomaterials with the intention to reduce the global carbon footprint and serve 
as a key resource for biofuel production, as it is the most abundant naturally-occurring 
polymer [17, 272, 278-280].     
The grafting of chemical reagents onto lignocellulosics has been examined to 
determine the effect of this process on the fibers.  For example, the esterification of 
carboxylic acid with wood pulps and cotton has demonstrated that this is a promising 
approach to enhancing water absorption, increasing wet strength, and imparting anti-
wrinkle properties [281-285].    Common reaction methods of preparing esterified 
cellulose fiber-based hydrogels have included free radical methods requiring catalysts 
such as ceric ion catalysts [286, 287], sodium hypophosphite methods [288, 289], and 
                                                 
 
 
1 This work was published in the Journal of Applied Polymer Science as “Preparation of 
microwave-assisted polymer-grafted softwood kraft pulp fibers.  Enhanced water 
absorbency.” Journal of Applied Polymer Science (2011), 119 (1), 387-395.  Other 
authors were Jessica R. Sladky and Arthur J. Ragauskas from the Institute of Paper 
Science and Technology and School of Chemistry and Biochemistry at Georgia Institute 
of Technology.   
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ATRP methods [290].  However, the esterification of cellulose with carboxylic acids 
using thermal curing methods has been successful without catalysts [228, 284, 291]. 
While poly (methyl vinyl ether co maleic acid) (PMVEMA) has been extensively 
used in oral care products under the trade name Gantrez S-97 [292-301], there has been 
interest in expanding its use to include other avenues, such as drug delivery [302-304] 
and cellulosic material applications [291].  Barcus and Bjorkquist initially developed a 
procedure for reacting PMVEMA and PEG with a variety of pulps using a thermally-
initiated esterification reaction as an alternative method for grafting cellulose without the 
need for a metal catalyst [291].  The treated pulps were shown to absorb water with a 
range of absorption from 25 g/g to 90 g/g [291].   
The use of microwave irradiation to induce multi-component polymerization 
reactions is a research topic of increasing interest [305].  It is already well-appreciated 
that microwave irradiation has a shorter reaction time than does traditional thermal 
treatment [232, 233].  For example, Satge, Granet, Verneuil, Branland and Krausz 
successfully esterified soluble microcrystalline cellulose with DMAP and lauroyl 
chloride using microwave irradiation time of 1 min,  a significant reduction of the 
previous reaction time of up to 2 days [248].  The microwave irradiation of cellulose has 
been used to produce 6-amino-6-deoxycellulose [249], as well as to enable the 
esterification of cotton waste to produce cellulose laurate films [306], the 
transesterification of methyl esters of rapeseed oil with carboxymethylcellulose [307], 
and the graft polymerization of N-isopropyl acrylamide and methyl acrylate onto α-
cellulose [308].  
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Microwave irradiation has been utilized in the processing of wood pulps.  For 
example, the microwave irradiation of thermomechanical pulp was successful in 
increasing the brightness of the pulp by 20 – 25 points through bleaching with hydrogen 
peroxide and magnesium carbonate or calcium carbonate [309].   
The use of microwave irradiation to facilitate the reaction of an ECF bleached 
kraft soft wood pulp and carboxylic acid containing a polymer such as PMVEMA has not 
been investigated.   The aim of this study was to investigate whether microwave 
irradiation could be used to produce hydrophilic grafted softwood pulps, with water 
absorption properties comparable to those produced using thermal curing techniques, in a 
reduced reaction time.   
4.2 Materials and methods. 
 
Poly (methyl vinyl ether-co-maleic acid) (PMVEMA), poly (ethylene glycol) 
(PEG), and all other reagents used were described in Chapter 3 (Section 3.1.1 Chemicals) 
and used as received.  Commercial ECF bleached southern softwood kraft pulp (0.863 
mm arithmetic average fiber length) was used as a source of cellulosic fibers and is 
described in Chapter 3 (Section 3.1.2 Pulp).  A sample of this pulp was mechanically 
milled using a Wiley mill to an average fiber length of 0.276 mm as described in Chapter 
3 (Section 3.1.2 Pulp).  Average fiber lengths were measured using a Fiber Quality 
AnalyzerTM, OpTest Equipment Inc., Canada as described in Chapter 3 (Section 3.1.2.1 





4.2.1 Preparation of absorbent hydrogels. 
 
The crosslinking procedure described in Chapter 3 (Section 3.2.1 Preparation of water 
absorbing fibers) was followed to prepare crosslinked hydrogel materials with ECF 
bleached SW kraft pulp and Wiley milled ECF bleached SW kraft pulp.  Table 14 in 
Chapter 3 Section 3.2.1 describes how the mass of the pulp to PMVEMA and PEG was 
varied and classified the three compositions based on the percentage PMVEMA used by 




The FT-IR spectra of the pulp, PMVEMA, PEG, and reaction products were obtained 
using the procedures in Chapter 3 (Section 3.2.5 FT-IR analysis of pulp fibers and 
crosslinked fibers) [263].  
4.2.2.2 Grafting ratio. 
 
The grafting ratio and efficiency were evaluated using a Soxhlet extraction procedure 
described in Chapter 3 (Section 3.2.6. Soxhlet extraction procedure to determine grafting 
ratio). 
4.2.2.3 Water absorbency.  
 
The water and 0.10 M NaCl sorption measurements of the crosslinked and milled pulps 
were conducted using the tea bag test method described in Chapter 3 (Section 3.2.2.  
Water and 0.1 M NaCl absorption and retention – tea bag method). 
91 
 
4.2.2.4 Scanning electron microscopy. 
 
Freeze-dried pulp fibers and crosslinked hydrogels were imaged using SEM as described 
in Chapter 3 (Section 3.2.3. Scanning electron microscropy). 
4.3 Results and discussion. 
 
4.3.1 Preparation of the superabsorbent hydrogels – determination of 
microwave settings and reaction time.  
 
The proposed final structure and the crosslinking reactions between the components and 
the final structure are shown in Figure 30 and Figure 31.  The PMVEMA and pine pulps 
were expected to undergo an esterification reaction between the primary hydroxyl group 
of the cellulose and the acid group of the PMVEMA.  The PEG was also expected to 






Figure 30. The proposed chemical structure of cellulose, PMVEMA, and PEG and the 





The expected reactions between the PMVEMA and the cellulose and between the 
PMVEMA and the PEG are Fischer-Speier esterification reactions, via a nucleophilic 
acyl substitution reaction mechanism, as shown in Figure 31, below.   Hydrochloric acid 
protonates the carbonyl group oxygen rendering it more electrophilic and more reactive 
to nucleophilic attack by the nucleophilic oxygen of either PEG or cellulose (PEG shown 
in Figure 31).   Upon nucleophilic attack, the tetrahedral intermediate is formed and a 
rapid proton rearrangement occurs upon the transfer of a proton from oxygen to a second 
oxygen creating a second tetrahedral intermediate.  This converts the hydroxyl group into 
a good leaving group resulting in the removal of a proton and water, regenerating the acid 
catalyst and forming the esterification product between PMVEMA and PEG (shown) and 
PMVEMA and cellulose.  The water is driven away as this reaction is occurring which 





Figure 31  Proposed esterification mechanism in the crosslinking of PMVEMA, 




These crosslinked fibers were predicted to be water absorbing primarily due to the 
hydrophilic properties of the PMVEMA bonded to the cellulose fibers with the PEG 
acting as spacing units with the PMVEMA.  The crosslinking of the PMVEMA to the 
cellulose fibers allows these materials to be described as hydrogels; hydrogels are 
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typically defined as a three dimensional structure that is capable of absorbing water 
without dissolving into the water.  Hydration occurs via hydrogen bonding of water 
molecules with the hydrophilic groups along the polymer chains, such as carboxylic acid 
groups.  The hydrogen atoms of a water molecule are attracted to the lone pairs of 
electrons of the oxygen atoms.  As oxygen atoms have two lone pairs of electrons, two 
water molecules are capable of hydrogen bonding with each oxygen atom.  The ability of 
a hydrogel to absorb a liquid is a result of the polymer affinity for the solvent, the 
polymer complexity in not dissolving into the solvent, and also then of the ability of the 
polymer chains to move to allow the solvent molecules to interact with the polymer.   
The thermodynamic model of water absorption described by Flory-Huggins, 
which attributes swelling to the change in Gibbs free energy of a polymer mixing with a 
solvent, is applicable in describing the crosslinked fibers prepared in this study.  The 
Flory-Huggins theory describes gel swelling based on the sum of the effects of osmotic 
pressure (Πosm), polymer elasticity (Πelas), and the Donnan equilibrium (Πion) [311-313].  
Osmotic pressure describes the initial rush of solvent into the dry gel that occurs when 
the gel is immersed in solvent.  As there is more solvent outside of the polymer than there 
is inside, a pressure variant is created that leads to the solvent molecules being drawn into 
the gel network.  The elasticity term refers to the ability of the polymer chains to move 
apart from one another as the solvent penetrates, with limitations due to crosslinking of 
the polymer chains.  In this system, the covalent crosslinking between PMVEMA and 
PEG and between PMVEMA and cellulose is the predicted crosslinking.  The Donnan 
equilibrium term describes how both disassociated ions of the hydrogel polymer system 
and ions in the solution can affect maximum swelling by acting as counter-ions and 
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shielding ions with the polymer through the formation of a double layer of fixed charges 
on the hydrogel pendant groups and ions inside of the gel [311].   
Due to the interest in utilizing microwave technology to induce crosslinking to 
create water absorbing fibers, the microwave power settings and irradiation times were 
optimized for maximum water absorption capability.  The optimal microwave power 
settings and microwave irradiation times were determined by varying the power (1600 
W, 800 W, and 320W) and length of microwave irradiation.  49PMVEMA-bleached kraft 
fibers were prepared and microwave irradiated for 45-105 s at 1600 W (high), 60-180 s at 
800 W (medium), and 120 -1200 s at 320 W (low) power.  The final products were then 
evaluated based on the total water absorbed using the traditional tea bag test.  
Water absorption and water retention are two separate methods of evaluating 
hydrogel behavior.  Water interacting with hydrogels can be classified into three 
categories, free water, interstitial water, and bound water.  Free water is water that is very 
lightly interacting with the hydrogel system; bound water is water that is hydrogen 
bounded to the polymer chains while interstitial water is trapped between the hydrated 
polymer chains [314],[315].  Water absorption describes the maximum swelling that a 
hydrogel is capable of achieving at the given conditions due to free, interstitial, and 
bound water.  The water retention values describe how much water the hydrogel is 
capable of retaining after a force is applied to it.  The free water is removed by this 
process, with the bound water and some interstitial water remaining.   
Figure 32 shows the water absorption values for the pulps microwave irradiated at 
800 W and 1600 W at various time intervals.  After 105 s at 1600 W, the dried slurry 
started to char, and longer reaction times exacerbated this charring and decreased the 
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yield significantly.  Similarly, the 320 W setting was not further evaluated when it was 
determined that after 600 sec and 1200 sec the water absorption of the crosslinking pulp 
fibers was only 38.9 g/g and 45.3 g/g, respectively, whereas the starting pulp had a value 
of 30 g/g.  These water absorption values were significantly less than the maximums 
achieved with the 1600 W setting, and the irradiation time was greater than the thermal 
curing reaction time, making 320 W a dismissible setting.  
 
Figure 32. Effect of reaction time and power setting on the water absorption of 
49PMVEMA-softwood kraft pulp hydrogels. 
 
 
Figure 33 shows the water retention capabilities of the 49PMVEMA-kraft pulp-
based hydrogels as microwave time and irradiation power level are varied.  The water 
retention values of the pulps treated at 1600 W changed significantly based on the 
microwave reaction time, while the hydrogels treated at 800 W consistently decreased in 
terms of g/g water retained after centrifugation.  Based on the water absorption and water 
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retention results, the optimal curing conditions were 105 s microwave irradiation at 1600 
W.   
 
Figure 33. Effect of microwave irradiation time and power level on the water retention of 
49PMVEMA-sotwood kraft pulp hydrogels. 
 
The percent water retention describes the amount of water retained after 
centrifugation relative to the water absorption value.  When evaluated as the percentage 
of water retained based on the amount of water that was initially absorbed, the 800 W 
irradiated pulps retained between 29 – 32% of their water (Figure 34).  The 1600 W 
irradiated hydrogels varied considerably more as irradiation time increased. The pulp 
hydrogel that was irradiated for 90 s retained the maximum percentage of water (44%).  
These initial results show the influence that microwave irradiation time and power have 
on the reaction and formation of the PMVEMA-PEG-cellulose network and water 
absorption and retention.   The reaction conditions chosen from this study were 




Figure 34. Percentage water retained by the prepared hydrogels as power and irradiation 
time vary. 
 
4.3.2 Effect of PMVEMA on water absorption and retention.  
 
The influence that the initial amount of PMVEMA in the crosslinking reaction had on the 
water absorption and retention of the hydrogels was evaluated by measuring the 
equilibrium swelling and water retained after centrifugation.  This was performed 
because while most typically as the amount of crosslinking polymer increased, the overall 
water absorption and retention values also increased, some literature results also 
demonstrated a limiting effect on the maximum values of crosslinking polymers, where 
the water absorption peaked and then diminished at increasing polymer content 
[173];[316].  To observe the effect that the PMVEMA has on water absorption and 
retention, the percent PMVEMA was varied in three different compositions of pine pulp-
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based materials, producing samples that contained 32%PMVEMA, 49%PMVEMA, and 
66%PMVEMA.   
Figure 35 shows that water absorption and retention increased as the PMVEMA 
concentration increased for both thermal and microwave initiated crosslinking, with 
maximum water absorption values achieved at the 66PMVEMA.  The water absorption 
of all samples was greater than that of the unreacted pulp.  However, there was a 
significant difference between the water absorption capabilities of the microwave-
irradiated pine pulp and the thermally-crosslinked pine pulp; most striking is the near 
three-fold increase in the water absorption of the 49PMVEMA-Microwave pulp when 
compared to that of the 49PMVEMA-Thermal pulp. This could be attributable to a lower 
crosslink density between the PMVEMA-PEG in the microwave fibers which then allows 
for greater swelling to occur due to the decrease in constraint on the elasticity of the 
polymer chains.  This is supported by the relatively same grafting efficiencies achieved 
by both 49PMVEMA-Microwave and 49PMVEMA-Thermal (Table 17) and by the 
higher percent water retained by the 49PMVEMA-Thermal fibers (Figure 35). Similarly, 
the increase in water absorption as PMVEMA overall increases can be attributed to the 
increase in the grafting efficiencies’ values which are an indication of PMVEMA-
cellulose crosslinking, and correspondingly, as the amount of PMVEMA increases, water 
absorption and swelling should increase as the PMVEMA is the primary hydrophilic 




Figure 35. The water absorption increases as percent PMVEMA increases with 




Figure 36. Water retention as PMVEMA is varied with microwave-irradiated and 





  The water retention abilities of both the microwave- and thermally-treated pulps, 
evaluated as grams water absorbed per gram pulp (g/g), increased as PMVEMA 
increased, as shown in Figure 36.  However, the water retention of the two samples did 
not increase at the same rate. When evaluated as a percentage of water retained (Figure 
37), the microwave-irradiated 66PMVEMA-kraft hydrogel retained 65% of the water 
absorbed, while the thermally-treated 66PMVEMA-kraft retained 44% of the water 
absorbed.   
 
Figure 37. Comparison of percent water retained as PMVEMA is increased between 
microwave-irradiated and thermally-treated pulp hydrogels. 
 
As controls, PMVEMA-PEG, pulp+PMVEMA, and pulp+PEG were prepared and 
characterized according to the established methods.  Cured PMVEMA-PEG was shown 
to be soluble in water.  The PEG-treated pulps (pulp+PEG) absorbed and retained water 
values similar to those of the unreacted pulp fibers.  While the PMVEMA-treated pulps 
did absorb more water than did the untreated and PEG-treated pulps, they absorbed 21 – 
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259% less water than did the PMVEMA-PEG pulps.  These results highlight the need for 
a three-component mixture, and establish PEG’s involvement in enhancing water 
absorption. This involvement is attributed to PEG’s involvement in crosslinking 
chemistry.         
 
4.3.3 Behavior of pulp hydrogels in 0.10 M NaCl. 
 
The absorption and retention of the microwave-irradiated hydrogels in 0.10 M 
NaCl solution was measured using the tea bag method and the centrifuge technique as 
were used in the water absorption/retention tests.  As expected, the absorption and 
retention of 0.10 M NaCl was less than the water absorption and retention described in 
the previous section.  The Donnan equilibrium theory and the corresponding counter-ion 
blocking explains these results.   
The thermally-cured pulp hydrogels absorbed and retained more 0.10 M NaCl 
solution than did the microwave-cured hydrogels. Both thermally-cured and microwave-
cured hydrogels absorbed and retained more than the untreated pulp fibers in water 
(Figure 38).  Overall, there was little significant change in the ability of the gels to absorb 
0.10 M NaCl solutions as the percent of PMVEMA increased, indicating that pulp with a 




Figure 38. Absorption and retention of 0.1 M NaCl solution by the microwave-irradiated 
and thermally-treated pulp hydrogels as PMVEMA is increased. 
 
 
4.3.4 Effect of the size of pulp fibers on water absorption and retention.  
 
The overall effect of pine pulp fiber size on water absorption was evaluated by 
milling the fully-bleached kraft pulp.  The starting pulp had a length weighted average 
fiber length of 2.503 mm.  After milling this was reduced to a length weighted average 
value of 0.455 mm.  The milled fibers were reacted with PMVEMA-PEG and cured 
under thermal- and microwave-irradiation conditions.     
In general, the milled crosslinked pulps absorbed more water than did the 
unmodified pulp hydrogels.  For example, 68PMVEMA milled, thermal-cured pulp 
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absorbed ~100 g water/g fiber more than 68PMVEMA thermal-cured pulp, while 
49PMVEMA milled, the microwave-irradiated pulp absorbed 114 g/g water more than 
49PMVEMA microwave-irradiated pulp.  Figure 39 shows these trends.  However, the 
66PMVEMA milled, microwave-irradiated pulp did not follow this trend; this could be 
attributed to an increase in the crosslinking density of the PMVEMA-PEG during 
microwave irradiation, which would cause a decrease in the polymer elasticity 
component of the Flory-Huggins theory, resulting in lower water swelling values.   
 
Figure 39. Water absorption of thermally-cured and microwave-irradiated milled pulp 
hydrogels. 
 
The crosslinked hydrogels were Soxhlet extracted with water to compare the 
grafting efficiency of the hydrogels prepared with different pulp fiber sizes and 
crosslinking methods.   The milled pulp fibers, both microwave- and thermally-









Grafting efficiency calculations show a similar trend (Table 17).  Table 17 shows 
the grafting efficiencies calculated from the ratio of mass retained and mass of starting 
pulp fibers.    
Table 17.  Grafting efficiency of PMVEMA/PEG to the pulp fibers compared via percent 
PMVEMA, size of pulp fibers, and type of crosslinking.   
 














32 3.228 6.317 21.51 18.37 
49 29.04 22.09 57.36 56.34 
66 35.04 62.27 71.71 69.24 
 
 
Overall, the milled pulp fibers demonstrated a greater grafting efficiency than did 
the non-milled pulp fibers, possibly attributable to the increase in the fiber surface area 
available for PMVEMA-cellulose fiber interactions.  This increase can also explain the 
increased water absorption of the milled pulp fibers compared to the longer initial pulp 
fibers.   













32 59.36 60.65 67.04 65.72 
49 56.28 56.37 76.12 75.55 
66 53.88 73.21 79.91 78.16 
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Microwave crosslinking of the milled pulp fibers resulted in grafting efficiencies 
similar to those produced by thermal crosslinking.  The 32PMVEMA milled, thermal-
cured fibers had a 566% increase in grafting efficiency when compared to the 
32PMVEMA thermal-cured fibers.  Similarly, the 66PMVEMA milled, thermal-cured 
fibers had a 154% increase in grafting efficiency when compared to the corresponding 
microwave pulp fibers.  However, microwave-crosslinked pulp fibers at 32PMVEMA 
and 66PMVEMA resulted in grating efficiencies that were 1.9 and 1.7 times greater than 
those of the respective thermally-crosslinked pulp fibers.   
 
4.3.5 FT-IR spectroscopy. 
 
FT-IR spectroscopy was used to evaluate the reactions occurring between the PMVEMA, 
PEG, and pulp.  Rocco, Pereira, and Felisberti have investigated blends of a poly(methyl 
vinyl ether maleic acid) polymer with varying percentages of polyethylene oxide (PEO) 
using FT-IR. Their methodology is applicable to this study [317].   Figure 40 illustrates 
the FT-IR spectra of PMVEMA-PEG, PEG, and PMVEMA.  The PEG spectrum (Figure 
40b) is a typical PEG FT-IR spectrum with the expected C-O-C bands at 1151, 1109, and 
1061 cm-1.  The PMVEMA spectrum (Figure 40c) shows the characteristic stretching 
bands between 1712 and 1728 cm-1.  These bands are attributed to the carboxyl carbonyls 
from the carboxylic acid groups of the maleic acid.  In addition, the presence of maleic 
anhydride groups in the PMVEMA is also demonstrated by the shoulders at 1845 and 
1783 cm-1.  
In the PMVEMA-PEG spectrum (Figure 40a), both peaks attributed to the 
carboxyl carbonyl groups shifted to between 1728 and 1737 cm-1, consistent with 
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crosslinking occurring via esterification between the OH groups of the PEG and the 
COOH groups of the PMVEMA.  The formation of anhydrides is observed in the 
PMVEMA-PEG spectrum with shoulders at 1784 and 1843 cm-1.   
 
Figure 40. FT-IR spectra of (a) PMVEMA-PEG, (b) PEG, and (c) PMVEMA. 
 
Previous work has demonstrated that the esterification reaction between 
PMVEMA-PEG and wood pulp can be determined using FT-IR.  To separate the 
contribution of the esterified carboxylic acids from that of the unreacted carboxylic acids, 
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the samples were briefly immersed in 0.10 M NaOH solution, deprotonating the 
unreacted acid groups.  This allowed the bands present in the carbonyl region to be 
attributed solely to the esterified carboxyl groups.  The carboxylated groups appeared in 
the FT-IR spectrum at 1588 cm-1 after the reaction.   
The FT-IR spectrum of the starting cellulose in the milled pine pulp showed the 
typical spectral bands associated with cellulose (Figure 41b).  Specifically, the cellulose 
showed bands at 1112 cm-1 (asymmetric glucose ring stretch), 1163 cm-1 (C-O-C 
asymmetric vibration), 1061 cm-1 (C-O stretch), 1033 cm-1 (C-O stretch), and at 898 cm-1  
(glucose ring stretch, C-H deformation).  All of the modified pulp samples contained 
these absorptions.  A control sample of PEG, reacted with the milled pulp in the same 
conditions under which the hydrogels were prepared, resulted in a spectrum that was 
unchanged from the unreacted milled pulp, most likely because the PEG was washed 
from the system during the preparation.  Figure 41a presents the FT-IR spectrum of a 
66PMVEMA-PEG milled, pine, thermal-cured hydrogel treated with 0.10 M NaOH 
solution.  The carboxylated band at 1591 cm-1 became evident as a result of the 
immersion of the sample in the sodium hydroxide solution.  The bands at 1734 cm-1 are 




Figure 41. FT-IR Spectra of microwave-treated pine pulps (a) 66PMVEMA-PEG-milled 
pine pulp and (b) milled pine pulp. 
 
4.3.6 Scanning electron microscopy. 
 
The surface morphology of the fibers was investigated using scanning electron 
microscopy.  As Figure 42 shows, the grafting onto the fibers for both curing techniques 
retains the fibrous structure of the starting pulp materials.  The fibrils of the cellulose 
pulp are observed in Figure 42 (a) and (b).  Conversely, in Figure 42 (c) and (d), the 
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surface of the pulp displays none of these fibrils and instead appears to be relatively 
smooth.  This suggests that the PMVEMA is reacting with hydroxyl groups on the 
surface of the pulp fibers.  Figure 42 (e) and (f) are examples of a microwave-initiated 
crosslinked pulp hydrogel at 120 sec, 800 W (a sub-optimal condition).  These pulp 
fibrils are observed to be similar to those of the unreacted pulp, potentially indicating a 
non-complete reaction between the PMVEMA-PEG and the cellulose, in which the non-
reacted PMVEMA-PEG was washed away with water in the post-reaction processing 
steps.  This is further supported by the water absorption of these hydrogels when 
compared to that of the hydrogels imaged in Figure 42 (c) and (d), of 39 g/g and 93 g/g, 





Figure 42. SEM images of (a) and (b) unreacted pine pulp fibers, (c) and (d) 







Microwave irradiation is an efficient method by which to produce PMVEMA-PEG-
crosslinked cellulose-based hydrogels, with a decreased reaction time of 105 sec, 
significantly less than the reaction time of the thermal procedure, 6.5 min.  The thermal-
curing method is easily transferred to microwave irradiation, as it does not utilize any 
metal initiators.  The microwave-prepared hydrogels absorbed similar or greater amounts 
of water than did the thermally prepared hydrogels.  In addition, the milled pulp-based 
hydrogels absorbed 30 – 292% more water than did the non-milled pulp hydrogels. This 
suggests that the absorption abilities of the hydrogels have a fiber-size dependence.  
There was one exception, the 66PMVEMA-PEG milled, microwave-irradiated pulp, 
which absorbed 56% less water than did its un-milled equivalent. However, this deviation 
is explained by the corresponding increase in the grafting efficiencies of the milled pulps.  
SEM analysis demonstrated that the PMVEMA-PEG matrix appeared to stay on the fiber 
surface in both the microwave-initiated and thermal crosslinking procedures, resulting in 
similar surface morphology.  The FT-IR analysis of the pulps confirms that an ester 
linkage is forming between the PMVEMA and the cellulose and a second ester linkage is 
forming between the PMVEMA and PEG.   
 Due to the success of this study and the observation of a fiber size dependence in 
the water absorption and retention values obtained, a study utilizing commercial ECF 
bleached kraft birch fibers as the cellulose fiber source to be crosslinked thermally and 
via microwave irradiation was undertaken. Commercial ECF bleached kraft birch fibers 
were chosen as a comparison fiber as the birch fibers are a representative hardwood and 
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as such are smaller in length than the softwood pulp fibers used in this chapter.  The 
results are presented in the next chapter, Chapter 5. 
 








CHAPTER FIVE            
INITIAL PREPARATION AND COMPARISON OF MICROWAVE 





 Cellulose is a key resource for the future development of biomaterials in the quest 
to reduce the demand for petroleum-based materials [17, 279, 280, 318, 319]. The 
crosslinking of wood pulps with polycarboxylic acid groups has been investigated as a 
promising method by which to chemically modify cellulosics to enhance water 
absorption, increase wet strength, or impart anti-wrinkle properties [263, 282-284]. 
Improved water absorbency of the cellulosic components is especially important, as it 
would curb the excessive use of petroleum-derived superabsorbent polymers.  Recent 
studies have highlighted the potential of microwave irradiation in chemical crosslinking 
[307-309].  Reduced reaction times and enhanced selectivity are the main advantages of 
using microwave irradiation [248].  The use of microwave irradiation to facilitate the 
reaction of fully bleached commercial wood kraft pulp fibers with carboxylic acid 
containing polymer such as PMVEMA had not been previously investigated. 
                                                 
 
 
2 This work was published in Holzforschung as “Analysis of microwave vs. thermally 
assisted grafting of poly(methyl-vinyl ether co-maleic acid)-polyethylene glycol to birch 
kraft pulp.” Holzforschung (2009), 63(4), 414-417.  Other authors were Jessica R. Sladky 
and Arthur J. Ragauskas from the Institute of Paper Science and Technology and School 
of Chemistry and Biochemistry at Georgia Institute of Technology.  It is available for 




 Chapter 4 described cellulose functionalization to improve water absorbency 
using both a thermal-initiated and microwave initiated reaction method of crosslinking 
commercial ECF bleached southern softwood kraft pulp, poly(methyl vinyl ether co 
maleic acid), and polyethylene glycol.  Barcus and Bjorkquist [291] initially 
demonstrated that poly (methyl vinyl ether co-maleic acid) (PMVEMA) and polyethylene 
glycol (PEG) can crosslink thermally to various lignocellulose fibers. The results from 
Chapter 4 showed that microwave initiated crosslinking of this system was a viable 
reaction method with resulting crosslinked pulp fibers that were capable of absorbing 
water in comparable values to that of thermally crosslinked pulp fibers.  In addition, the 
thermally crosslinked ECF bleached southern softwood kraft pulp fibers demonstrated a 
size dependence on water absorption where the milled ECF bleached southern softwood 
kraft pulp crosslinked fibers absorbed 50% to 300% more water.   
The intention of the presented research is to demonstrate that the microwave initiated 
and thermally initiated crosslinking method can be transferred to commercial ECF 
bleached birch kraft pulp fibers with improved water absorption and retention values.  In 
addition, further evidence of a fiber size dependence on obtaining greater water 
absorption values is presented upon comparison of results from Chapter 4.   
5.2  Experimental section. 
5.2.1 Materials. 
 
All materials, including the fully-bleached ECF birch kraft pulp, PMVEMA, and 
PEG, used are described in Chapter 3 (Section 3.1 Materials).   
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5.2.2  Crosslinking. 
 
The ECF bleached birch kraft pulp with PMVEMA and PEG were crosslinked in 
according to the experimental procedure described and outlined in the flow diagram 
(Figure 24) in Chapter 3 (Section 3.2.1 Preparation of water absorbing fibers) [291].  This 
procedure was repeated to prepare crosslinked hydrogel materials with the Wiley milled 
ECF birch kraft pulp.  Compositions were prepared and classified based on the 
percentage PMVEMA used by mass, and described based on this percentage (i.e., 32%, 
49%, and 66%) as in Chapter 3 Table 14.  Further variations in component mixtures were 
also prepared to remove the PEG influence for the purposes of comparison.   
The microwave curing was performed as described in Chapter 3 (Section 3.2.1 
Preparation of water absorbing pulp fibers).  Preliminary microwave curing studies 
(previously described in Chapter 4) indicated that samples irradiated for 60 s yielded a 
crosslinked pulp with significantly lesser water absorption properties than those of pulps 
irradiated for 105 s, while samples irradiated for 120 s or longer resulted in charring of 
the pulp. Hence a microwave irradiation time of 105 s was selected as an optimized time. 
 The samples were labeled % PMVEMA-Microwave (indicating the percentage of 
PMVEMA in the reaction). To produce thermally-crosslinked pulps for comparison, the 
procedure was repeated until the air-drying phase. After this step, the dry slurry of 
fibers/PMVEMA/PEG was heated at 130°C for 6.5 min in a thermal radiation oven. 
These later samples were labeled % PMVEMA-Thermal. 




The water and 0.1 M NaCl sorption measurements of the final products were conducted 
using the traditional tea bag method described in Chapter 3 (Section 3.2.2 Water and 0.1 
M NaCl absorption and retention – Tea bag method) [262].  The total absorbed value and 
the retention value were calculated and reported as g absorbed per g dry hydrogel (g/g). 
Replicates were measured and the average is reported with the calculated standard 
deviation of all replicates. The retained water is presented as a percentage based on the 
water absorption. Student t-test calculations were conducted to assure statistical 
relevance. SEM images were acquired using the procedure described in Chapter 3 




5.3 Results and discussion.  
  
The goal of this study was to utilize both microwave irradiation and thermal heating to 
induce a crosslinking reaction between the PMVEMA, PEG, and birch pulp fibers to 
produce a crosslinked hydrogel system.  These fibers were then evaluated using classical 
equilibrium swelling measurements with the traditional tea bag test method to measure 
the absorption and retention of water and 0.10 M NaCl.    
 The expected final structure and esterification crosslinking reactions of the 
PMVEMA, PEG, and ECF bleached kraft birch fibers are described in Chapter 4, Figure 
30 and Figure 31, respectively.   The concentration of the PMVEMA was varied to 
determine how PMVEMA concentration affects the absorption and retention of water and 
0.10 M NaCl of the crosslinked birch fibers (Figure 43).    
 Figure 43a compares the trends of water absorption of the samples modified by 
microwave and thermal radiation as a function of the amount of pulp.  Overall, the water 
absorption increased as the percentage of the PMVEMA used increased. The thermally-
treated crosslinked birch pulps absorbed between 210% and 582% more water than did 
the non-crosslinked birch pulp, which absorbed 29.4 g/g. The microwave-irradiated 
crosslinked birch pulps absorbed between 45% and 413% more water than did the 
microwave-irradiated unreacted control birch pulp, which absorbed 37.3 g/g.     
 As the reacted fibers were thoroughly washed with deionized water, removing 
extractables, the increases in water absorption can be attributed to the fibers crosslinked 
with PMVEMA and PEG. The following observation supports this conclusion: samples 
prepared in an analogous manner with (i) PMVEMA/fiber and (ii) PEG/fiber did not 
exhibit similar enhanced water absorption and retention. In addition, PMVEMA-PEG 
120 
 
forms a hydrogel that is soluble in water when prepared under the listed reaction 
conditions.   
The water retention capability of these hydrogels after centrifugation is shown in 
Figure 43b, where the trends for water retained after centrifuging for both the microwave-
irradiated and thermally-treated hydrogels as PMVEMA is increased is very similar to 
that of water absorption.  In addition, the 66PMVEMA-Microwave and the 
49PMVEMA-Microwave products retained comparable amounts of water when 
compared to the corresponding 66PMVEMA-Thermal and 49PMVEMA-Thermal 
hydrogels.  The microwave and thermally crosslinking methods produced crosslinked 
pulp fibers that did not display the disparity in water absorption and retention that was 
seen in the softwood pulp crosslinked fibers in Chapter 4.  The birch fiber crosslinked 
hydrogels absorbed more water than the mixed softwood fiber crosslinked hydrogels at 
all PMVEMA concentrations and both the thermally initiated and microwave initiated 
crosslinking methods.  This difference is most dramatic at the 66PMVEMA 
concentration, where the 66PMVEMA-Birch fiber-Microwave and 66PMVEMA-Birch 
fiber-Thermal absorbed 191.33 g/g and 200.58 g/g water, respectively, while the 
66PMVEMA-Mixed softwood – Microwave and 66PMVEMA-Mixed softwood – 
Thermal absorbed 132.94 g/g and 93.14 g/g, respectively.  This observation of the size 
dependence of cellulose fibers on maximum water absorption is most likely due to the 
increased surface area available for crosslinking on the smaller fibers.   
The absorption and retention of the 0.10 M NaCl solution by the microwave pulp 
materials is highlighted in Figure 43c. Overall, the microwave crosslinked pulps absorbed 
and retained less g g-1 liquid when placed in 0.10 M NaCl solution than they did when 
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placed in water, as expected due to ion interference and displacement. The 66PMVEMA-
Microwave pulp hydrogel absorbed and retained the most 0.10 M NaCl, with absorption 
and retention values decreasing as the percentage of PMVEMA decreased, just as when 










Figure 43. Comparison of (a) water absorption, (b) water retention, and (c) absorption 
and retention in 0.1 M NaCl for grafted pulps as a function of the birch fiber (BF) 







The surface morphology of the grafted fibers was studied using scanning electron 
microscopy (SEM).  Representative fibers from both the 44BF-Microwave and 44BF-
Thermal samples are shown in  
Figure 44.  The surface morphology between the microwave and thermal pulps is very 
similar. This is an indication that the PMVEMA-PEG reacts similarly with the fibers 
whether it is microwave irradiated or thermally cured.  Also, the surface morphology 
indicates a smoother surface which can be an indication that the PMVEMA is on the 

















Figure 44. SEM images of grafted birch fibers (BF). (a) 44BF microwave-assisted 





 The water absorbed and retained by unmodified cellulosic fibers is insufficient for 
many applications.  This study demonstrates that crosslinking ECF bleached birch kraft 
pulp fibers with PEG and PMVEMA can yield 5- to 10-fold increases in water absorption 
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and retention of the starting ECF bleached birch kraft pulp fibers. Furthermore, these 
hydrophilic pulps can be rapidly prepared via microwave irradiation, yielding crosslinked 
pulps with water absorption properties similar to those of oven-cured pulps. The 
microwave-assisted reactions permit shorter reaction times with high loadings of 
PMVEMA and PEG.  The water absorption values of the crosslinked birch pulp 
hydrogels were greater than the water absorption values of the crosslinked mixed 
softwood pulp hydrogels, indicating a size dependence on achieving maximum water 
absorption values, possibly due to an increase in the surface area per gram pulp fiber 
available for the PMVEMA to crosslink.   
 While this study and the results from Chapter 4 successfully demonstrated that 
cellulose fibers can be successfully crosslinked with PMVEMA-PEG, the experiment 
utilized fibers on the macro and micro scales.  The interesting question then became 
whether cellulose fibers of nanoscale dimensions could be utilized in this reaction 
scheme.  In order to answer this, cellulose nanowhiskers, rod-like particles of cellulose, 
were used as the source of nano-dimensional cellulose.  The initial results are presented 
the following chapter, Chapter Six, while further characterization studies of the unique 















Biobased materials are an important global research topic as there is a genuine 
interest and need to decrease society’s dependency on petroleum-based products.  
Cellulose is the most abundant natural polymer, and considerable interest has been 
recently focused on finding new material applications for this biopolymer.  One of these 
applications has been the development of cellulose nanocrystals.  It is well known that 
native cellulose, when subjected to strong acid hydrolysis, can be readily hydrolyzed into 
micro- or nanocrystalline cellulose [7, 10, 27, 52, 53, 67, 103].  The length of the 
nanocellulose crystals is dependent on the sample origin. Crystals derived from wood 
sources typically are 100 – 300 nm in length and 3 – 10 nm in width [76, 92, 320, 321]. 
The crystal modulus of cellulose has been reported as 138 - 167 GPa [113, 322-324]. 
Cellulose whiskers and their application as a reinforcing material in composites is 
a relatively new field within nanotechnology and have generated considerable interest in 
the last decade, especially within the biopolymer community. There are several 
                                                 
 
 
3 This work was published in the journal Carbohydrate Polymers as “A novel 
nanocomposite film prepared from crosslinked cellulosic whiskers.” Carbohydrate 
Polymers (2009), 75 (1), 85-89.  Other authors were Arthur J. Ragauskas from the 
Institute of Paper Science and Technology and School of Chemistry and Biochemistry at 
Georgia Institute of Technology, Aji Mathew and Kristiina Oksman from the Division of 
Manufacturing and Design of Wood and Bionanocomposites, Luleå Institute of 
Technology, Skellefteå, Sweden, and Paul Gatenholm of the Department of Chemical and 
Biological Engineering Biopolymer Technology, Chalmers University, Göteborg, 
Sweden.     
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challenges, however, in using cellulose whiskers with polymers. These include the 
efficient separation of whiskers from plant resources, the compatibilization of these nano 
reinforcements with the matrix, and the development of suitable methods for processing 
these nanocomposites.  Aqueous and solvent solution casting is the most common 
method of preparing cellulose nanocomposites.  Oksman, Mathew, Kvien, Bondeson, and 
Petersson utilized a twin screw melt-extrusion of cellulose nanocomposites with poly 
(lactic acid) and cellulose acetate butyrate [125, 131, 325].  Samir, Alloin, Sanchez and 
Dufresne report the development of a cellulose whisker nanocomposite where the matrix 
phase was crosslinked [170].  However, studies involving the crosslinking of whiskers 
with a matrix had not been previously reported.  In the current study, the preparation and 
characterization of cellulose whiskers crosslinked with poly (methyl vinyl ether-co-
maleic acid) (PMVEMA) and poly (ethylene glycol) (PEG) is reported.  This crosslinking 
methodology has been developed for kraft cellulosic fibers to enhance the water-
absorbing properties of treated fibers, as described in Chapters 4 and 5.  The current 
study demonstrates that crosslinked cellulose whiskers are capable of forming novel film-
like materials that exhibit unique water-absorbing properties via in situ crosslinking.   
6.2 Experimental Materials and Methods. 
6.2.1 Experimental materials. 
 
PMVEMA (MW: 1,980,000) was used as supplied by ISP Corp.  Poly (ethylene glycol) 
with a MW of 3,000 was purchased from VWR.  Microcrystalline cellulose (VIVAPUR® 
105) was acquired from JRS Pharma.  All other chemicals were purchased from Aldrich 
and used as received.   
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6.2.2 Preparation of cellulose whiskers. 
 
Cellulose nanowhiskers were isolated from microcrystalline cellulose via acid 
hydrolysis using the procedure reported by Bondeson, Mathew and Oksman and 
described in detail in Chapter 3 (Section 3.3.1 Preparation of cellulose nanowhiskers 
from microcrystalline cellulose) [67]. 
6.2.3 Preparation of crosslinked cellulose whisker film hydrogels. 
 
The crosslinked films were prepared as described in Chapter 3 (Section 3.3.3 
Preparation of crosslinked cellulose whisker film hydrogels).   Five compositions were 
prepared and classified based on the percent cellulose whisker mass in the resulting films 
(0%, 25%, 50% 75%, and 100% whiskers by mass).  Each PMVEMA-PEG/CNW 
mixture was cured at 135 °C for 6.5 min.  After curing, the films were stored in a 
desiccator at 54% relative humidity for one week prior to testing. 
6.2.4 Characterization. 
 
The cellulose whiskers, as well as the nanocomposites, were characterized using a 
Veeco MultiMode scanning probe microscope with a Nanoscope V controller as 
described in Chapter 3 (Section 3.4.3 Atomic Force Microscopy. Cellulose whiskers and 
crosslinked cellulose whisker films.).    
A Nicolet Magna-IRTM 550 Spectrometer FT-IR in transmission mode was used 
to collect the infrared spectroscopy data using the procedure described in Chapter 3 




6.2.5 Water absorption studies. 
 
Water absorption study of water absorbed versus time until equilibrium swelling 
was achieved was conducted as per Chapter 3 (Section 3.4.5 Water Sorption Studies.).  
The film samples used for the water sorption studies were circular discs 20 mm in 
diameter, cut from films conditioned at 54% relative humidity.  Three replicates were 
performed for each composition.  The maximum water uptake quantities were statistically 
analyzed using Student’s t-test.  The gel content of the prepared films was measured 
using the procedure in Chapter 3 (Section 3.4.6 Gel content of whisker films.)   
6.3 Results and discussion. 
 
This study examines the crosslinking of cellulose whiskers with poly (methyl 
vinyl ether-co-maleic acid) and poly (ethylene glycol) and the resulting film properties. 
The films were prepared by reacting varying amounts of cellulose whiskers (i.e., 0 – 
100%) with the crosslinking agents.  The cellulose whiskers for this study were prepared 
via an acid hydrolysis of microcrystalline cellulose and analyzed by AFM, as 





Figure 45. Characterization of cellulose nanowhiskers using a) atomic force 
microscopy (AFM) (height, amplitude, and phase) and b) birefringence. 
 
 
The AFM images show the presence of isolated whiskers in the nanometer scale.  
The dimensions of whiskers prepared using the same isolation process were determined 
previously using TEM by Kvien, Tanem and Oksman.  The whiskers in this earlier study 
had a diameter of 5 ± 2 nm and a length of 210 ± 75 nm [68].  Figure 45b shows the flow 
birefringence of aqueous whiskers when viewed under cross-polarized light, which 
confirms the existence of cellulose whiskers. 
The crosslinking of cellulose whiskers with poly(methyl vinyl ether-co-maleic 
acid) and poly(ethylene glycol) was expected to  occur via an esterification reaction 
between the  hydroxyl groups on the cellulose, the terminal hydroxyl groups on the PEG, 
and the carboxylic acid groups on the poly(methyl vinyl ether-co-maleic acid), as shown 
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in Chapter 4 Figure 30.  The possibilities of intermolecular and interchain reactions exist 
as well.   
The nanoscale morphology of the films was studied using atomic force 
microscopy. Micrographs of crosslinked nanocomposites with 50% whiskers are 
provided in Figure 46.  The AFM pictures show a multi-phased system, and there is an 
indication in the phase images that one of the phases is forming a network in the second 
phase with a relatively homogeneous distribution of the phases.  
 
 
Figure 46. Atomic force microscopy of crosslinked PMVEMA-PEG/CNW50 




As the behavior of these materials in water and their potential as hydrogels was of 
interest, the water absorption of the films was investigated.  The 100% CNW films, the 
CNW/PMVEMA-PEG nanocomposites, and 100% PMVEMA-PEG films were 
compared.  The 100% CNW films and 100% PMVEMA-PEG films did not retain 
structural integrity during the water absorption experiments.   However, the 
nanocomposite films swelled when placed in water and retained their film structure.  This 
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indicates that the crosslinking reaction between the whiskers and the matrix yielded a 



























Figure 47. Water absorption curves of crosslinked nanocomposites with varying 
cellulose nanowhiskers contents (PMVEMA-PEG/CNW25, PMVEMA-PEG/CNW50, 
and PMVEMA-PEG/CNW75). 
 
The water absorption curves for the nanocomposite films are given in Figure 47.  
The time it took the 25% CNW film to reach equilibrium mass is significantly longer 
than the time it took both the 50% and 75% CNW films.  In addition, at equilibrium, the 
25% CNW film absorbed significantly higher amounts of water (~900%) than did both 
the 50% CNW film (~100%) and the 75% CNW film (~150%).  Upon statistical analysis, 
presented in Table 18, it was determined that the 50% CNW and 75% CNW composite 
films were not statistically different and had water uptakes that were in the same range.  
This could be due to the fact that at 50% is the maximum whisker concentration, after 
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which an additional amount of whiskers has a negligible effect on the water sorption 
properties of the prepared films.  Further analysis of the swelling of these films using the 
Flory-Huggins theory, Flory-Rehner theory, and Fickian diffusional characterization is 
described in Chapter Nine.  However, these initial results are similar to those seen in 
Chapters 4 and 5 where it was determined that, in general, as the amount of PMVEMA 
increases, so does the equilibrium water absorption.  This is most likely attributable to 
crosslinking density increasing as the percent of cellulose whiskers increases.    
    
Table 18. The maximum water uptake of 25CNW, 50CNW, and 75CNW films at 













25CNW 963.5 384.5067 3.9178 3.79 
50CNW 93.7 1.4996  1.9074 
75CNW 120.5 23.95 1.9074  
 
To further confirm the presence of crosslinking, the gel contents of the prepared 
composites were determined using the Soxhlet extraction method. These values are 
summarized in Table 19.  The gel content values indicate that the films are lightly 
crosslinked and that some whiskers were washed out from the matrix upon Soxhlet 
extraction. The percent gel content is directly proportional to the whiskers content used in 








Table 19 The gel content of the crosslinked nanocomposites varied. 
 











Studies by Yang, Xu, and Wang followed the crosslinking of cellulosic fibers 
with carboxylic and polycarboxylic acids by FT-IR.  Especially relevant to this study is 
their technique to monitor the creation of ester bonds between the carboxylic acids and 
the cellulose [283, 326] by comparing the FT-IR spectrum of a sample treated with 0.1 M 
NaOH to that of an untreated sample.  Upon comparison, the peak occurring between 
1728 - 1735 cm-1 in the untreated sample spectrum could be due to both the expected 
ester linkage between the carboxylic acid groups, and the unreacted carboxylic acid 
groups [327, 328].  In the 0.10 M NaOH treated sample spectra, a peak between 1580 - 
1588 cm-1 is attributed by Yang to the carboxylate formed during the interaction of the 
unreacted carboxylic acid groups and the sodium hydroxide. Yang attributes the peak 
occurring in the 1721 – 1728 cm-1 range solely to the ester crosslinking between the 





Figure 48.  The formation of ester linkages in the PMVEMA-PEG/50CNW films were 
analyzed using FT-IR. 
 
 
The crosslinked cellulose whisker films containing 50% CNW were analyzed 
following this literature methodology, and the representative results are shown in Figure 
48.  The FT-IR peak at 1743 cm-1 in Figure 48 (spectrum 2) is a result of both the ester 
carbonyl stretch from the crosslinked PMVEMA-cellulose and the unreacted carboxylic 
acid functional groups from the PMVEMA.  The influence of the unreacted PMVEMA 
carboxylic acid functional groups can be removed by briefly treating the sample with 
0.10 M NaOH, as shown in Figure 48 (spectrum 1).   Following this methodology, the 
spectrum 1 FT-IR signal at 1587 cm-1 is assigned to the carboxylate carbonyl that results 
from the treatment of the sample with a base prior to analysis.  The resulting ester peak at 
1734 cm-1 can then be attributed to the formation of an ester linkage between the 
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PMVEMA carboxylic acid and the cellulose whiskers.  The presence of crosslinked 
cellulose chains is necessitated since the PMVEMA-PEG films did not retain structural 




This study demonstrates that it is possible to develop in-situ crosslinked cellulose 
whisker nanocomposites using PMVEMA-PEG as a matrix.   Water solubilized solutions 
of PMVEMA and PEG were combined with cellulose whiskers in varying ratios from 0 – 
100% CNW, solution cast, and dried to successfully form film-like materials.  In-situ 
crosslinking via thermal treatment of these films was confirmed using FT-IR techniques 
by the appearance of both the non-carboxylated ester peak at 1734 cm-1 and a 
carboxylated peak at 1587 cm-1.  The cellulose nanowhiskers used in this study were 
confirmed to have birefringent properties and size dimensions of 5 ± 2 nm width and a 
length of 210 ± 75 nm.  As interest in these materials began with the water absorption 
capabilities of covalently crosslinked PMVEMA-PEG-cellulose fibers (Chapters 4 and 
5), initial water absorption studies were undertaken and show that these nanocomposite 
systems can swell in water and form a stable gel.  Maximum water absorption was 
obtained with the 25CNW film. Water uptake analysis will be discussed in Chapter 9 to 
further explain these results.   Further investigation of these films was necessary in order 
to quantify the characteristics that were observed in this initial study.  Chapter Seven will 
describe the methods and results of the tensile studies, the atomic force microscopy, and 
NMR characterization, while Chapter 8 will present the thermogravitmetric analysis of 





CHARACTERIZATION OF IN SITU CROSSLINKED CELLULOSE 








Though nanocomposites have been reported in the literature as early as the 1950s, 
polymer-based nanocomposites made a marked impact in industry and academia when 
Toyota reported layered nanosilicate-based nanocomposites in 1993 [329, 330].  
Frequently, the main functions of incorporating nanodimensional-based materials into 
matrices are to increase mechanical performance, thermal stability and barrier properties 
[331, 332].  At the nanoscale, the nano-particles have a large surface area and the 
possibility to interfere with polymer chain mobility, thereby manipulating the matrix 
properties. However, it is important to understand that these expected improvements are 
directly dependent on the dispersion and distribution of the nanoparticles in the polymer 
                                                 
 
 
4 This work was published in the journal Biomacromolecules as “Poly(methyl vinyl ether-
co-maleic acid)-polyethylene glycol nanocomposites cross-linked in situ with cellulose 
nanowhiskers.” Biomacromolecules, (2010), 11(10), 2660-2666.  Other authors were 
Marcus Foston and Arthur J. Ragauskas from the Institute of Paper Science and 
Technology and School of Chemistry and Biochemistry at Georgia Institute of 
Technology and Aji Mathew and Kristiina Oksman from the Division of Manufacturing 




matrix, as well as on the interaction between the matrix and the reinforcing phases. The 
optimization of the dispersion and interactions of nanoparticles in polymer matrices using 
mechanical and chemical means is a key factor that enables the development of high-
quality nanocomposites. 
In recent years, there has been renewed societal interest in the development and 
utilization of biobased green materials [7, 8, 17, 103, 279, 333]. Cellulose is the most 
abundant biomaterial, and the discovery of new ways to utilize this biopolymer to create 
new biobased materials is becoming a priority. Consequently, cellulose nanowhiskers 
(CNW) have generated much attention recently [8, 9, 53, 334, 335]. Cellulose 
nanowhiskers are rod-shaped in structure and are formed when native cellulose is 
subjected to strong acid hydrolysis [103, 333]. The dimensions of the resulting 
nanowhiskers vary according to the source of the cellulose, but can range from 10-20 nm 
in diameter and from 100 – 1000 nm in length [113, 333, 336].  The modulus of cellulose 
nanowhiskers has been experimentally and theoretically calculated to range from 138 
GPa (experimentally determined) to 167 GPa (theoretically determined) [113, 322, 324]. 
Cellulose nanowhiskers (CNW) have been incorporated in a wide variety of matrices, 
including latex [337, 338], starch [339-341], cellulose acetate butyrate (CAB) [55, 325, 
342], polyhydroxyl alkanoates (PHA) [118]  and  poly(lactic acid) (PLA) [125, 138, 343-
346], in order to improve the strength properties of these matrices.  The addition of 
surfactants [347-349] and plasticizers [147, 341, 350-355] has been found to improve the 
dispersion of nanowhiskers in the matrix and improve physical properties.  While an 
encapsulated matrix around CNW was reported by Samir, Alloin, Sanchez and Dufresne, 
[170], crosslinking cellulose whiskers with a matrix in-situ to achieve good nanowhisker 
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dispersion has not been evaluated. We have recently reported the co-crosslinking of a 
poly(methyl vinyl ether co-maleic acid) (PMVEMA) – polyethylene glycol  (PEG)  
matrix with cellulose nanowhiskers [356].  The resulting crosslinked nanocomposite was 
shown to have unique properties that were distinct from the starting components. Of 
special interest were the hydrogel properties that facilitated an up to ∼900% mass 
absorption of water [356].   
PMVEMA is a polycarboxylic acid-containing polymer that is currently used in 
health care applications. PMVEMA has recently been investigated for its potential as a 
bioadhesive polymer for use in drug delivery [357-363].  There has been interest in 
expanding its use using cellulosic materials.  Barcus and Bjorkquist developed a 
procedure for reacting PMVEMA and PEG with wood fibers using a thermal dehydration 
reaction as an alternative method for grafting cellulose. This method allows for the 
creation of a crosslinked material with increased water sorption properties without the use 
of metal catalysts [291]. Khutoryanskaya, Khutoryanskiy, and Pethrick have investigated 
blends of hydroxyethylcellulose and PMVEMA [364].    
It is expected that the in-situ co-crosslinking of nanowhiskers in a water-soluble 
biopolymer matrix would lead to the development of a well-dispersed nanocomposite 
with enhanced mechanical properties and stability in an aqueous medium. Additionally, 
this crosslinking may allow the dispersed nanowhiskers to be locked within the polymer 
matrix, and might enable the development of nanocomposite materials with properties 
that could be tailor-made depending on the degree of crosslinking, the nanowhisker 
concentration, and the relative humidity conditions. 
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This chapter investigates the mechanical properties and transverse relaxation of 
crosslinked PMVEMA-PEG-CNW nanocomposites and the effect of CNW concentration 
on these physical properties. A promising future use of these materials is in climate-
controlled applications and biomedical applications; hence, the behaviour of the prepared 
hydrogels in different humidity environments was explored. 
 
7.2 Experimental methods and materials. 
7.2.1 Materials.  
 
PMVEMA, poly (ethylene glycol) (Mw 3,000), microcrystalline cellulose 
(VIVAPUR® 105), and all other chemicals were used as received and described in  
Chapter 3 (Section 3.1 Materials).  
7.2.2 Preparation of cellulose nanowhiskers.  
 
Microcrystalline cellulose was hydrolyzed to form cellulose nanowhiskers using 
the procedure described in Chapter 3 (Section 3.3.1 Preparation of cellulose whiskers 
from microcrystalline cellulose.) [67].   
7.2.3 Synthesis of PMVEMA-PEG/CNW nanocomposite hydrogels.  
 
The procedure for preparing the PMVEMA-PEG/CNW nanocomposite hydrogels 
is described in Chapter 3 (Section 3.3.3 Preparation of crosslinked cellulose whisker film 
hydrogels.) [356].  The nanocomposite hydrogels are described according to their initial 
nanowhisker percentage, as seen in Chapter 3 Table 15, for example 25CNW = 25% 
cellulose whisker, wt-%.  An unreacted control film of 50 wt-% nanowhiskers and 50 wt-
% matrix was also prepared using the same method as that which produced the 
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crosslinked nanocomposite hydrogels, with the exception of the fact that the control film 
was not heated to 130 °C.  The nanocomposite hydrogels were stored in desiccators at 
varying relative humidities (i.e., 2%, 54%, and 92%) for 1 week prior to physical testing.  
7.2.4 Nuclear Magnetic Resonance (NMR) Analysis.  
7.2.4.1 Starting materials.  
 
PMVEMA, PEG, and PMVEMA-PEG were dissolved in DMSO-d6 and analyzed as 
liquids 13C and 1H NMR on a Bruker Avance-400 spectrometer as described in Chapter 3 
(Section 3.4.2.1 NMR analysis of starting materials.).  
7.2.4.2 Crosslinked cellulose whisker film hydrogels.  
 
In preparation for NMR analysis, the nanocomposite hydrogels were prepared for 
NMR analysis as described in Chapter 3 (Section 3.4.2.2 Nuclear Magnetic Resonance 
(NMR) of cellulose whisker films.)   
13C CP/MAS solid-state NMR measurements were carried out as described in Chapter 
3 (Section 3.4.2.2 Nuclear magnetic resonance (NMR) of cellulose whisker films.) on a 
Bruker DSX-400 spectrometer.   
1H spin-spin (T2) NMR experiments were conducted as described in Chapter 3 
(Section 3.4.2.2 Nuclear magnetic resonance (NMR) of cellulose whisker films.) on a 
Bruker DSX-400 spectrometer.    
7.2.5 Atomic Force Microscopy (AFM). 
 
The cellulose nanowhiskers, as well as the nanocomposites, were characterized 
using a Veeco MultiMode scanning probe microscope with a Nanoscope V controller as 
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described in Chapter 3 (Section 3.4.3 Atomic force microscopy of cellulose whiskers and 
films).  
7.2.6 Stress – strain measurements.  
 
The tensile measurements were performed on an Instron 4411 (USA) with a 500 
N load cell as described in Chapter 3 (Section 3.4.4 Tensile measurements of cellulose 
whisker films.).  The values given are based on 5 tests per composition. The error in the 
measurements was reported as the standard deviation.   
7.3 Results and discussion. 
 
The preparation of the nanowhiskers and their chemical characterization are 
detailed in Chapter 6 [356].  PMVEMA and cellulose nanowhiskers were shown to 
undergo an esterification reaction primarily between the primary hydroxyl group of the 
cellulose and the acid group of the PMVEMA (Chapter 4 Figure 30). In addition, PEG 
was shown to be capable of crosslinks with the PMVEMA in a second esterification 
reaction.  The prior chapters demonstrated that all three components, PEG, PMVEMA, 
and the cellulose nanowhiskers, were needed to form the reported nanocomposites.  
7.3.1 NMR Analysis. 
 
An NMR analysis of the PMVEMA, PEG, PMVEMA-PEG, and crosslinked 
nanocomposite hydrogels was performed to further analyze the crosslinking.  Observed 
13C NMR chemical shifts of the starting PEG and PMVEMA agreed with literature 
values and with the corresponding13C CP/MAS NMR of the crosslinked nanocomposite 
hydrogels. The 13C CP/MAS NMR spectra of the cellulose nanowhiskers showed the 
typical spectra of crystalline cellulose, and based on the integration of the cellulose C4 
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peak region (13C δ ~ 80-85 and 85-92 ppm amorphous and crystalline cellulose 
respectively) the nanowhiskers were shown to have a crystallinity of ~ 61%, which 
stayed constant upon the incorporation of PMVEMA-PEG components.  Moreover, the 
chemical shifts of the cellulose carbons did not seem to be affected by the incorporation 
of PMVEMA-PEG components, suggesting that the chemical alteration of cellulose 
occurs on a small fraction of surface-accessible glycosidic units.    As Figure 49 shows, 
the Soxhlet extracted samples exhibited all three components, as they contained 
transesterified linkages that clearly displayed carbon resonances overlapping with 
cellulose at ~ 72 and 50-65 ppm. These resonances were generated by PEG and 
PMVEMA, respectively.  One of the most dramatic observations was of the NMR 
spectrum of a crosslinked 50CNW nanocomposite when compared to the NMR spectrum 
of the unreacted control.  The carboxylic acid shift from the PMVEMA at ~175 ppm is 
almost completely removed from the NMR spectrum upon a Soxhlet extraction of the 
uncured 50 wt.-% CNW mixture.  This confirms not only that the Soxhlet extraction 
procedure removes any noncovalently linked oligomers, but also, and most importantly, 










13C spectra of H2O extracted CNW nanocomposites. 
 
The 1H MAS NMR spectrum obtained for the 50CNW nanocomposite swollen in 
D2O is shown in Figure 50, along with the solid spectrum of pure cellulose nanowhiskers 
and the solution spectra of the PEG and PMVEMA oligomers, which are stacked 
beneath.  The 1H MAS NMR spectrum shows peaks between ~3.8 - 1.9 ppm that belong 
to protons on CNW, PEG and PMVEMA.  In the solution spectrum of the PEG oligomers 
and the solid state spectrum of the nanocomposite, there is one chemical shift of note: the 
chemical shift of the protons on the methylene groups along the backbone of the polymer, 
which appear at ~3.8 ppm.  There are three fairly resolved peaks that appear in both the 
solution spectrum of the PMVEMA oligomers and the solid state spectrum of the 
nanocomposite: the chemical shift of the protons on the methine groups attached to 
pendent carbonyls along the backbone, denoted Ce,d, at ~3.06 ppm; the methine group 
attached to a methoxy pendent group along the backbone, denoted Cc, at ~3.30 ppm; and 
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the methoxy pendent group, appearing at ~3.50 ppm and labeled Cb.  As evidenced by the 
spectrum of pure cellulose nanowhiskers, the peak at ~3.50 ppm in the spectrum of the 














1H spectra of PEG and PMVEMA dissolved in D2O and 
1H MAS 2 KHz 
spectrum of H2O extracted 50CNW nanocomposite swollen in D2O at 50 °C. 
 
The nature of molecular mobility in a polymer system can be probed easily using a T2 
NMR experiment.  Spin-spin or T2 relaxation probes how quickly a nucleus loses 
transverse magnetization.  In T2 experiments, signal intensity decays as a function of 
local inhomogeneities in the magnetic field. This is mainly due to perturbation by nuclei 
through space or to dipolar interactions, and this signal attenuation, or the characteristic 
relaxation rate for this process, is called the spin-spin relaxation or T2 time.  The T2 time 
can be used to describe molecular motion, and is particularly sensitive to chain dynamics 
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in polymer systems above Tg; the faster the rate of decay, the more rigid and fewer 
degrees of freedom the chemical group associated with that decay has.  1H T2 relaxation 
can be used in this CNW nanocomposite system to infer information on the length of the 
chains between junctions of crosslinking points, as well as to explore crosslinking density 
and the sterical constraints from surrounding chains. 
A Carr-Purcell-Meiboom-Gill (CPMG) sequence was used to collect the T2 data. 
Figure 51 displays the typical spin-spin decay profiles for PMVEMA protons on carbon 
positions Cc and Cd,e for the D2O swollen 25CNW and 50CNW nanocomposites at 50 °C.  
The lines represent a fit based on a two-component, Gaussian-exponential model 
commonly used in polymer systems. This model contains distinct rigid and mobile 












Tau (ms)  
Figure 51. Spin-spin relaxation of the (open) PMVEMA protons on Cc and (closed) 
PMVEMA protons on Cd,e for (○) 50CNW (□) 25CNW nanocomposites at 50 °C.  
 
The CPMG experiments were conducted at an elevated temperature in an effort to impart 
greater chain dynamics and differences in those dynamics.Figure 51 shows that the 
relaxation rate of the 50CNW nanocomposite is faster than that of the 25CNW 
nanocomposite, indicating a much more rigid morphology. This rigidity is mainly 
interpreted as an increase in crosslinking density.  The T2 results for the various other 
resolvable peaks for the CNW nanocomposite are compiled in Table 20, which lists the 
relative intensity and T2 time for the rigid repeat units in crosslinking junction points 
(described by the Gaussian component), as well as more mobile repeat units belonging to 
chains outside or between junctions of crosslinking points (described by the exponential 




Table 20. Characteristic 1H spin-spin relaxation (T2) values and relative component 
intensities based on a Gaussian-exponential model for H2O extracted 25CNW and 
50CNW nanocomposites swollen in D2O at 50 °C. 
 






























PEG 3.81 17 8344 4483 762 34 6629 2966 525 
PMVEMA-
Cc 
3.30 26 7428 2874 157 16 8412 1284 75 
PMVEMA-
Ce,d 
3.06 26 7428 2874 143 16 848 884 65 
jun: junction point describe repeat units close enough to crosslinking point to have reduced 
dynamics,  
chain: chains between junctions describe repeat units between crosslinking points 
displaying “unrestricted” dynamics. 
   
The methylene protons on PEG were analyzed using the aforementioned two-
component model.  The results for the faster-relaxing PEG component of the 25CNW 
nanocomposite show a T2 of ~44 ms.   This component describes a portion of the 
composite in which PEG chains have low mobility and are attributed to PEG repeat units 
adjacent to junction points.  The slower-relaxing PEG component, on the other hand, had 
a T2 of ~762 ms, and since the extractable PEG had been removed in the exhaustive 
extractions, the order of magnitude difference suggests that this component describes 
highly mobile PEG chain repeat units. These mobile units most likely link between or 
outside junction points and/or in areas of appreciably low crosslink density.   
The results in Table 20 for protons on PMVEMA show that in the T2 of the 50CNW 
nanocomposite was approximately half of that of the 25CNW nanocomposite. This 
suggests that, on average, the PMVEMA components have half as many degrees of 
freedom.  Essentially, upon the incorporation of additional nanowhiskers, PMVEMA 
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itself exhibits slower dynamics, most likely due to the formation of additional 
attachments to the polymer composite system.   
 The T2 values for both the junction and chain portions of the PEG in the 50CNW 
nanocomposite are slightly lower than those of the 25CNW nanocomposite. This again 
shows that upon the addition of more cellulose, the PEG becomes less mobile. This is due 
to an increased number of attachment points and an overall increase in sterical 
constraints.  More interesting is the increase in the relative intensity of the junction 
component and the decrease in the relative intensity of the chain component.  The change 
in the relative intensity of the junction component seems to indicate that twice as many 
PEG-related junction points exist in the 50CNW nanocomposite than do in the 25CNW 
nanocomposite.  The chemistry involved in this PEG, PMVEMA, and CNW composite 
preparation suggests that PEG uses PMVEMA to attach to the composite system only at 
oligomeric PEG end-groups.  This is supported by a T2 relaxation profile that explicitly 
exhibits two-component mobile/rigid behavior: an order of magnitude difference in 
relaxation times between those components and changes in component relative intensity 
scales directly with CNW concentration.  Moreover, these results not only suggest that 
PEG is bonded solely to the PMVEMA chains, they also suggest that the PMVEMA 
chains within the nanocomposite are in close proximity to the CNW surface for the 
majority of the nanowhisker length.   
The methine and methyl protons on PMVEMA were also analyzed using the two-
component Gaussian-exponential model.  The characteristic T2 time results for the faster-
relaxing PMVEMA component of the 25CNW nanocomposite show a T2 of ~28 ms for 
protons at carbon locations Cc and Cd,e.  The slower-relaxing PMVEMA component had 
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T2 times of ~157 and 143 ms for protons at carbon locations C
c and Cd,e, respectively.  It 
is evident that there must be a lesser difference in chain dynamics between the two 
components for PMVEMA than for PEG. This is true because PMVEMA’s relaxation 
rates for the junction and chain components are more similar.  This most likely is because 
PMVEMA can bond to the composite system at various points along its backbone.  This 
would limit the mobility of these much shorter chain portions, and provide more junction 
points than are available to PEG-related bonds. This is reflected in Table 20.  The T2 
values for all PMVEMA-related resonances and components are lower for the 50CNW 
nanocomposite than for the 25CNW nanocomposite. In this case, this is mainly due to an 
appreciable increase in steric constraints upon the incorporation of additional cellulose.   
 
7.3.2 Microscopy.   
 
The size and size distribution of the nanowhiskers used for this study is shown in 
Figure 52. The nanowhiskers are needle-shaped crystals with diameters between 15 and 
17 nm. The diameter measurements were made using Nanoscope V software and were 
determined using the height of the nanowhiskers. This methodology is more accurate for 
the characterization of CNW, since AFM tip scanning has a broadening effect, which is 
minimized in comparison to width measurements. It is worth mentioning that the 
efficiency of the measurements is restricted by the aggregation of nanowhiskers during 
sample preparation, leading to difficulties in obtaining a monolayer of well-dispersed 
whiskers for measurements. In most cases, a majority of the nanowhiskers will be only 




Figure 52. The height image of the nanowhiskers, showing the diameter measurements 
of the cellulose nanowhiskers. 
.  
 
An overview and a detailed view of the 25 and 50 CNW crosslinked nanocomposites are 
shown in Figure 53. These results demonstrate an equally-distributed second phase in a 





Figure 53. Cross sections of crosslinked nanocomposites with 25CNW; a) overview b) 
detailed view and 50CNW c) overview d) detailed view. 
 
In the AFM micrographs, the oval-shaped structures are attributed to cellulose 
nanowhiskers or clusters of nanowhiskers embedded in the PMVEMA-PEG phase. A 
broad range of nanowhisker sizes can be observed in the nanocomposites images, which 
may be due to the fact that the nanowhiskers are cut at different angles during sample 
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preparation. This is expected, as the nanowhiskers are randomly oriented in solution-cast 
films, and the AFM image is obtained from the ultramicrotomed cross-section. 
In addition, it was noted that the size of the nanowhiskers in the embedded phase 
showed a tendency to increase as the CNW content increased from 25% to 50 wt. %. This 
may suggest larger agglomerates of CNWs in solutions with higher CNW content. 
7.3.3 Mechanical properties.  
 
The stress-strain properties of the prepared hydrogels were studied as a function 
of CNW content and relative humidity (RH) conditions. The nanocomposite hydrogels 
with 25, 50, 75 and 100 wt.-% CNW content, all of which had been conditioned at 92% 
RH, were evaluated for physical properties. These results are shown in Table 21.  It can 
be seen that the tensile strength increased when the nanowhisker content increased from 
25 wt.-% to 50 wt.-%.  The modulus (stiffness) of the hydrogels was very low for 25% 
and 50% CNW, but increased for the hydrogels with 75% and 100 wt.-% CNW content. 
All hydrogels exhibited a very high ability to withstand strain, between 120-306%, with 
the highest values for the gels with a lower nanowhisker content. Compared to the 
toughness values of cellulose nanofiber networks (nanopaper) as reported by Henriksson 
[365], the in-situ crosslinked materials had superior toughness but lower stiffness and 
strength. The effect that the relative humidity has on the mechanical properties is 
demonstrated in Figure 54. These values are based on the mechanical performance of 75 
wt.-% CNW gels that had been conditioned at three different relative humidity conditions 
(2, 54 and 92%). The percent elongation at break increased as the relative humidity 
increased, while the maximum stress at break was achieved at the lowest relative 
humidity.  From Table 21, it is possible to see the correlation between composition and 
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relative humidity where, as the relative humidity increased, elongation at break (%) also 
increased, while the tensile strength (MPa) decreased. It is known that water can act as a 
plasticizer due to the swelling mechanism and concomitant relaxation of the hydrogel 
hydrophilic polymer chains [261, 366].  Water will hydrogen bond to the hydrogel, 
preventing intermolecular entanglements via hydrogen bonding of the PMVEMA with 
PMVEMA and with PEG molecules due to shielding effect of the water; this results in a 
decrease in tensile strength and an embrittlement observed when the hydrogels were 
conditioned at 2% relative humidity.  Singh reported similar behaviour with solution cast 
PMVEMA-PEG films [367].  These results show that these materials are capable of a 
wide range of properties depending on the moisture conditions.   
Table 21. Mechanical properties of matrix and crosslinked nanocomposite hydrogels at 
different relative humidities. 
 











25CNW 92 2.3 ± 0.8 309 ± 16 0.09 ± 0.06 
50CNW 92 4.2 ± 0.2 227 ± 24 0.19 ± 0.06 
75CNW 92 4.0 ± 0.1 120 ± 2 2.3 ± 0.1 
          100CNW 92 4.0 ± 1.6 105 ± 0 3.9 ± 0.8 
    75CNW 2 36.8 ± 5.3 106 ± 2 14.3 ± 3.3 
    75CNW 
    75CNW 
54 8.5 ± 2.7 116 ± 4 8.7 ± 0.9 
92 4.0 ± 0.05 120 ± 2 2.3 ± 0.1 
 
 The representative stress-strain curves of the crosslinked composites varied 
according to CNW content. The 92% RH conditioned samples are shown in Figure 54. 
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As the nanowhisker content increased, the stress and modulus increased, while the strain 
decreased. As Table 14 and Figure 54 demonstrate, the strain and the stress varied based 
on the composition of the materials. However, the relationship between CNW content 
and mechanical properties is non-linear. It appears as though the 50CNW gel at 92% RH 
(Figure 54c) is able to balance stress verse strain demands better than the 25CNW or 
75CNW nanocomposite hydrogels.   
In summary, each of the nanocomposite hydrogels behaved differently from the 
others.  This furthers our belief that these materials have developed differing degrees of 
crosslinking between the matrix and the cellulose nanowhiskers. This allows for the 
possibility to potentially tailor these materials to a specific set of conditions, depending 





























Figure 54. The stress-strain curves of prepared hydrogels a) 100CNW, b) 75CNW, c) 





In-situ co-crosslinked nanocomposite hydrogels were developed by dispersing 
and crosslinking cellulose nanowhiskers with a poly(methyl vinyl ether-co-maleic acid)–
polyethylene glycol matrix using solution casting and a subsequent thermal crosslinking 
technique.  Nuclear magnetic resonance studies supported the crosslinking between the 
matrix and the cellulose nanowhiskers via an esterification reaction.  The T-2 relaxation 
profiles suggest that the proposed crosslinking is occurring, with the PMVEMA binding 
to the cellulose whiskers and the PEG binding solely to the PMVEMA.  It also suggests 
that the crosslinking density is greater for the 50CNW than the 25CNW films.  The water 
sorption experiments in Chapter 9 will further explore this.  These NMR results also 
support the results and explanations for the overall water absorption trends demonstrated 
by the crosslinked pulp fibers in Chapters 4 and 5.   
The atomic force microscopy images show that the nanowhiskers were dispersed 
homogenously in the matrix indicating that in-situ co-crosslinking of cellulose 
nanowhiskers with a matrix polymer is a promising way to prevent nanowhisker 
aggregation and obtain good dispersion at the nanolevel.  
The mechanical behaviour of the crosslinked nanocomposite hydrogels differed 
significantly as the material percentages were varied.  Typically, the mechanical property 
increased as nanowhisker content increased, and decreased as relative humidity 
increased. However, the 50 wt.-% CNW composite was able to achieve both high strain 
and high tensile values, relative to the other composites.  In addition, the overall trend of 
increasing strain values as the relative humidity was increased is most likely due to the 
plasticization effect of the water content with the PMVEMA-PEG.   
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This new methodology of nanocomposite processing is expected to provide an 
efficient route to developing tailor-made nanocomposites controlled by the degree of co-
crosslinking, the nanowhisker concentration, and the relative humidity conditions.  A 
thermogravimetric analysis (TGA) of the film compositions was next performed in order 
to determine the effect that the cellulose whiskers had on the thermal stability of the 





THERMOGRAVIMETRIC ANALYSIS OF IN-SITU CROSSLINKED 








Interest in developing biobased materials as an alternative to petroleum-derived 
materials has significantly increased in the past decade.  One such source for these 
materials is cellulose, especially cellulose derived from woody biomass, since such 
biomass is a high volume bioresource that can be harvested in a sustainable manner.  
Within this broad field of study, cellulose whiskers are an example of cellulosic materials 
that show much promise.   
Cellulose whiskers are crystalline cellulose rods that typically range in size from 100 
nm to 1 µm in length and 5 – 50 nm in width [8, 53, 120, 335].  The size variations can 
be attributed, in part, to differences in the starting material and experimental conditions 
employed for their generation [8, 53, 120, 335].  Cellulose whiskers are commonly 
prepared via the acid hydrolysis of a variety of cellulose sources including 
                                                 
 
 
5 This work was published in the TAPPI Journal as “Thermal gravimetric analysis of in-
situ crosslinked nanocellulose whiskers-poly(methyl vinyl ether-co-maleic acid)-
polyethylene glycol.” TAPPI Journal, (2011), 10(4), 29-33.  Other authors were Arthur J. 
Ragauskas from the Institute of Paper Science and Technology and School of Chemistry 
and Biochemistry at Georgia Institute of Technology and Aji Mathew and Kristiina 
Oksman from the Division of Manufacturing and Design of Wood and 
Bionanocomposites, Luleå Institute of Technology, Skellefteå, Sweden. 
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microcrystalline cellulose, wood pulps, and tunicates.  The development of biomaterials 
utilizing cellulose whiskers has been focused frequently on composite formulations and 
the material characterization of whisker-based composite materials.  Thermal stability 
studies are also necessary to evaluate the potential application of these new materials.   
This thesis study has focused on in-situ crosslinking of cellulose whiskers with poly 
(methyl vinyl ether co maleic acid) (PMVEMA) and polyethylene glycol (PEG).  The 
current study has shown that all three components are required for crosslinking, and when 
the necessary experimental conditions are accomplished, the resulting composite exhibits 
unique physical properties that are dependent upon the ratio of the constituents employed.   
The resulting crosslinked nanocomposites were found to have uniformly-distributed 
cellulosic whiskers, and to display hydrogel properties that facilitated an up to ∼900% 
mass absorption of water, of special interest due to the potential applications of this 
characteristic.  This study examines the thermal degradation properties of these cross-
linked nanogels for the purposes of evaluating future applications.   
8.2 Materials and methods. 
8.2.1 Materials. 
 
Poly(methyl vinyl ether –co–maleic acid), poly (ethylene glycol) (MW 3000), 
microcrystalline cellulose (VIVAPUR® 105), and all other reagents were used as received 
and described in Chapter 3.  Cellulose whiskers were prepared via acid hydrolysis of 
microcrystalline cellulose using procedure in Chapter 3 (Section 3.3.1 Preparation of 
cellulose whiskers using microcrystalline cellulose.).  These were then used to prepare 
the crosslinked nanocomposite films.    
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8.2.2 Crosslinked nanocomposite films. 
 
Cellulose whisker-PMVEMA-PEG films were prepared as described in Chapter 3 
(Section 3.3.3 Preparation of crosslinked cellulose whisker film hydrogels.).  Five film 
compositions were prepared and classified based on the percent cellulose whisker content 
(by weight) in each film – 0%, 25%, 50% 75%, and 100%.  These will be referred to as 
0CNW, 25CNW, 50CNW, 75CNW, and 100CNW, respectively.  The films were then 
stored in a desiccator at 54% relative humidity for one week prior to testing.  The 
chemistry of cross-linking PMVEMA, PEG, and CNW is illustrated in Chapter 4 Figure 
30.   
8.2.3 Thermogravimetric Analysis. 
 
A thermogravimetric analysis (TGA) of the starting materials and prepared films was 
performed on a TA TGA 500 (USA) as described in Chapter 3 (Section 3.4.10 
Thermogravitmetric analysis.).    Tonset was determined as the temperature at which the 
sample weight was 93% of the sample mass at 105 °C [56].    
 
8.3 Results and Discussion. 
8.3.1 Thermal gravimetric analysis of starting materials.   
 
The thermal decomposition and degradation behavior of the nanocomposites is an 
important parameter by which to evaluate their potential applications and the 
manufacturing of these materials.   Control studies demonstrated that PMVEMA 
TGA/DTG results aligned with the data reported by Chung, Wu and Malawar [368].  
During the dehydration of PMVEMA, three distinct peaks appeared at 80 °C, 175 °C, and 
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325 °C.    The decomposition of the combined matrix of PMVEMA-PEG (0CNW) is 
shown in Figure 55a.  There was a slight loss of water starting at approximately 40 °C.  
The Tonset of degradation of PMVEMA-PEG (0CNW) was measured at 149 °C, lower 
than the Tonset of degradation of both PMVEMA (159 °C) and PEG (190 °C).  The Tmax of 
the first decomposition of PMVEMA-PEG (150 °C), which is associated with the 
dehydration of the diacid groups of the PMVEMA, was less than the Tmax of the pure 
PMVEMA (154 °C).  The second decomposition process of the PMVEMA-PEG also had 
a lower Tmax (226 °C) than that of the PMVEMA (240 °C).   The peak at 226 °C could be 
attributed to the combined decomposition of PMVEMA and PEG.  Possible degradation 
reactions include decarboxylation.  The next decomposition peaks, which occurred at 404 
°C and 568 °C, were most likely due to polymer chain degradation.  
The degradation behavior of cellulose nanowhiskers (100CNW) is shown in Figure 
55b.  The decomposition of the whisker film shows an initial period of weight loss. This 
is attributed to the loss of free water. A constant weight was then maintained from 
approximately 90 °C to ~150 °C, with an onset of thermal degradation occurring at 206 
°C.  This is typical for whiskers prepared using the sulfuric acid-based method.  These 
results indicate that the cellulose nanowhisker film was the most thermally stable of all 







8.3.2 Thermal gravimetric analysis of the crosslinked nanocomposites.  
 
Figure 56 shows the TGA and DTG curves of the 25CNW, 50CNW, and 75CNW 
films. The TGA and DTG curves of the prepared nanocomposite materials illustrate the 
way in which the films behave differently as the percent cellulose nanowhiskers is varied.  
Based on the temperature of the first stage of decomposition, Tonset, the most thermally 
stable of the three compositions is the 75CNW film.  The 100CNW film (Figure 56b) was 
































































Figure 55. TGA and DTG of (a) 0CNW (PMVEMA-PEG matrix) and (b) 100CNW. 
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stable of all the materials used was the 0CNW matrix film (Figure 56a), which 
demonstrated essentially no thermal stability throughout the test. 
 
 
Figure 56. The (a) TGA and (b) DTG of the 25CNW, 50CNW, 75CNW crosslinked 
nanocomposites differ with the varying percentages of whiskers. 
 
   The thermal stability of the matrix was improved by the addition of the whiskers, as 
can be seen in the Tonset data in Table 22.  Tonset was determined as the temperature at 
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which the sample weight was 93% of the sample mass at 105 °C.   The Tonset of the 
matrix (0CNW) and whiskers (100 CNW) were  149 °C and 206 °C respectively, while in 
the crosslinked films the Tonset increased linearly (R
2 = 0.99) as the percent of whiskers in 
the nanocomposites increased. The Tonset of the 25CNW, 50CNW, and 75CNW 
crosslinked nanocomposites were 145 °C, 187 °C, and 219 °C, respectively.  The 
differing TGA curves for each of the compositions confirm that these materials are 
unique, and do not act simply as blends of the starting components (i.e., PMVEMA, PEG, 
and cellulose whiskers).   
The decomposition of the 75CNW film (Figure 56b) shows the loss of free water and 
other volatiles. A peak appears at approximately 80 °C.  However, the next distinct peak 
does not occur until 264 °C, and is attributed to whisker degradation.  The decomposition 
of the 50CNW film (Figure 56b) has a peak at approximately 95 °C, which is most likely 
due to free water loss.  The first significant decomposition peak in the 50CNW film 
occurs at 242 °C.   
The 25CNW film derivative weight curve (Figure 56b) is distinct from that of both 
the 50CNW and 75CNW films, and combines derivative weight information from both 
the matrix and the whiskers, with the greater influence emerging from the increased 
matrix concentration.  There is not a distinctive free water loss peak in the 25CNW film 
as there are in the 50CNW and 75CNW films.  However, there is a peak at 143 °C that is 
not seen in either the 50CNW or the 75CNW films.  This may be due to the dehydration 
of the unreacted acid groups present in the PMVEMA portion of the matrix (Figure 55a).  
The derivative weight peaks at 233 °C and 317 °C are broad enough that they could 
possibly be a combination of two peaks, combining influences from the matrix and from 
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the whiskers, unlike the peak separation seen in the 50CNW film.  The peak at 395 °C 
has been attributed to the decomposition of the matrix and the breakdown of the polymer 
chain, as was the peak at 531 °C, while the peak at 510 °C is due to further breakdown of 
the cellulose whiskers.    
Overall, there is a shift in the derivative weight peaks due to both the decomposition 
of the whiskers in each film and the narrowing of the temperature range of decomposition 
as the percentage of whiskers increases (Figure 56).    The increase in the decomposition 
temperature of the whiskers in the 25CNW and 50CNW films indicates good whisker-
matrix interactions and can be attributed to more efficient crosslinking occurring between 
the whiskers and the matrix. The 75CNW film had the same peak decomposition 
temperature as the pure whiskers (100CNW), which could possibly indicate less efficient 




Table 22. The onset of thermal degradation and the first derivative peaks of the starting 
materials and crosslinked nanocomposites show how the overall improvement of the 



















































    
    
100CNW 206.2 201 94.0 
  264 58.9 




The residual weight and char at 350, 500, and 600 °C for the starting materials and 
crosslinked whisker materials are presented in Table 23.  The char percentage at both 350 
°C and 500 °C decreased as the whisker content increased in the films. However, at 600 
°C this pattern reversed, with the char percentage increasing as the whisker content 
increased. 
  
Table 23. Char content of the starting materials and the crosslinked whisker films were 
evaluated at 350 °C, 500 °C, and 600 °C. 
 
 
% Char,  
 350 °C  
% Char,  
500 °C 
% Char, 
 600 °C 
PMVEMA 48.8 16.3 0.312 
PEG 1.7 0.121 0.083 
0CNW 47.7 21.4 0.029 
25CNW 54.5 18.6 0.218 
50CNW 51.8 11.3 0.954 
75CNW 44.6 8.17 1.02 
100CNW 24.2 1.74 1.77 
 
8.4 Conclusion.  
 
In-situ crosslinking of cellulose whiskers is an attractive method for incorporating 
cellulose whiskers into a polymer matrix.  TGA can be an effective tool to evaluate the 
thermal stability and degradation reactions in composites, especially for future 
manufacturing process evaluations.  The thermal stability of the PMVEMA-PEG matrix 
was improved by the addition of 50 wt% or 75 wt.-% cellulose whiskers by 38.1 °C and 
69.7 °C, respectively.  The cellulose whiskers improved the thermal stability of the 
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PMVEMA-PEG matrix, and the Tonset values therefore increased as the whisker 
percentage in each formulation increased.   This study demonstrates how cellulose 
whiskers can affect thermal stability and also highlights the challenges of utilizing such 





WATER UPTAKE AND ABSORPTION CHARACTERIZATION OF 





Hydrogels are three dimensional materials consisting of macromolecules either 
physically entangled, covalently or ionically bonded to each other that are capable of 
absorbing water without dissolving.  Interest in hydrogels has increased in recent years as 
new applications have been developed to include biomedical and drug delivery type 
devices, such as wound dressings, biosensors, and tissue engineering, as well as more 
traditional applications in contact lenses, adult incontinence, feminine hygiene, 
disposable diapers, and agriculture [369] [318, 369-379].  Another trend in development 
of hydrogels is interest in finding greener natural biomaterial alternatives such as 
lignocellusics to substitute for modern petroleum based reactants [175].   
Grafting of various hydrophilic polymers, such as those containing polycarboxylic 
acids, on to lignocellulosics such as various chemical pulps and cotton cellulose, has been 
shown to increase the water absorbing properties of the base fibers, creating a cellulose-
based hydrogel [175].  While a wide range of lignocellulosic based hydrogels have been 
prepared and their water uptake characteristics investigated, cellulose whisker based 
hydrogels are just beginning to be explored.   
Cellulose whiskers are crystalline cellulose rods ranging in size from 100 nm up to 1 
um in length and 3 – 10 nm in width [7, 10, 53, 335].  Cellulose whiskers are commonly 
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prepared by acid hydrolysis of a variety of cellulose sources such as microcrystalline 
cellulose, wood pulps, and tunicates.  The development of biomaterials utilizing cellulose 
whiskers has mostly been focused on composite formulation and materials 
characterization of whiskers based composites.  The study of the transport of liquids 
through these whisker composites is still also needed.  This is important as practical 
applications for these materials are further explored.   
Cellulose whiskers were in situ crosslinked with a poly(methyl vinyl ether – co – 
maleic acid) – polyethylene glycol (PMVEMA-PEG) matrix and initially characterized as 
described earlier.  PMVEMA is a very hydrophilic polymer and will fully dissolve in 
water.  The cellulose whiskers were mixed and crosslinked with the solubilized 
PMVEMA-PEG and the resulting product formed a gel-like material when immersed in 
water.  Most recently, PMVEMA has been explored for uses in biomedical and drug 
delivery applications, including commercially in oral applications, due to its bioadhesive 
nature [302, 304, 357-359, 363, 380-393].  As future applications for these crosslinked 
films is most likely as a hydrogel, the further characterization of their behavior in water 
using the Fickian theory of diffusion, the Flory-Huggins theory, and the Flory-Rehner 
equation and the resulting conclusions is presented.   
9.2. Experimental materials and methods. 
9.2.1 Materials. 
 
Poly(methyl vinyl ether – co – maleic acide) (PMVEMA), poly(ethylene glycol), 
MW 3000, microcrystalline cellulose (VIVAPUR® 105) and all other reagents were used 
as received.  Cellulose whiskers were prepared through acid hydrolysis of 
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microcrystalline cellulose using method in Chapter 3 (Section 3.3.1 Preparation of 
cellulose whiskers. Microcrystalline cellulose.) [67].   
9.2.2  Crosslinked nanocomposite films. 
 
Cellulose whisker-PMVEMA-PEG films were prepared as described in Chapter 3 
(Section 3.3.3 Preparation of crosslinked cellulose whisker film hydrogels.).  Five film 
compositions were prepared and classified based on the percent cellulose whisker content 
(by weight) in each film – 0%, 25%, 50% 75%, and 100% and are referred to as 0CNW, 
25CNW, 50CNW, 75CNW, and 100CNW, respectively.   
9.2.3  Sorption experiments. 
 
The experimental procedure to determine the timed water uptake of the prepared 
crosslinked cellulose whisker films is described in Chapter 3 (Section 3.4.5 Water 
sorption studies. Whisker films.).      
9.2.4  Scanning electron microscopy. 
 
SEM images of the whisker films were imaged using a JEOL JSM-5200 SEM as 
described in Chapter 3 (Section 3.4.8 Scanning electron microscopy. Solution cast 
cellulose whisker films.).  Water swelled, freeze dried crosslinked cellulose whisker films 
were prepared and imaged using a Hitachi S800 SEM with the procedure in Chapter 3 
(Section 3.4.9 Scanning electron microscopy. Water swollen cellulose whisker films.).   
9.2.5  Soxhlet extraction. 
 
Soxhlet extractions of the 0CNW, 25CNW, 50CNW, and 75CNW crosslinked films 
as well as an unreacted mixture of the 50CNW were conducted as per the procedure in 
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Chapter 3 (Section 3.4.7 Cellulose whisker films soxhlet extraction.) to determine the 
percent extractable content.   
9.3 Results and discussion. 
9.3.1 Water sorption analysis.  
 
The proposed crosslinked structure, shown in Chapter 4 Figure 30, was confirmed in 
Chapter 7 with the PMVEMA and the cellulose nanowhiskers undergoing an 
esterification reaction between the primary hydroxyl group of the cellulose and the acid 
group of the PMVEMA. In addition, PEG was shown to be capable of crosslinks with the 
PMVEMA in a second esterification reaction.  As reported in Chapter 6 Figure 47, the 
crosslinked whisker films swelled and absorbed water at different rates and volumes.  
These initial results indicated that the degree of crosslinking in each composition varies 
as the percent whiskers changes.  To confirm this hypothesis, a dynamic equilibrium 
swelling study was utilized to describe the mechanism of water diffusion using the 
Fickian model and the degree of crosslinking of these crosslinked materials using Flory-
Rehner and Flory-Huggins theories.   
 
The results of the dynamic equilibrium study of the water absorption by the 25CNW, 
50CNW and 75CNW films are shown in Figure 57, where the mole percent uptake, Qt is 
plotted as a function of the square root of time.  The mole percent uptake of water by the 



























Figure 57. Sorption curve of the mol % water uptake by the crosslinked films at room 
temperature. 
 
The 25CNW, 50CNW, and 75CNW film data are presented as both the 100CNW 
and the 0CNW films demonstrated little structural integrity when immersed in water.  
The 25CNW had the highest mole percent uptake of water, while the 50CNW film had 
the lowest mole percent uptake of water.  However, the 75CNW film achieves 
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equilibrium first, followed by the 50CNW and the 25CNW films, respectively.  These 
results were used to further study the kinetics of diffusion, sorption, and permeability of 
the crosslinked films. 
Fick’s law describes the process of diffusion of a solvent by relating the flow rate 








where f is the flow rate in the x direction, A is the cross-sectional area of the 
sample, and D is the diffusion coefficient.  The mechanism of diffusion was determined 
using the dynamic portion of the gravimetric curve in Figure 57 by applying the diffusion 















Where Q∞ is the swelling capacity at equilibrium, Qt is the swelling capacity at time 
interval t, and k is the first order rate constant.  The slope of log t vs. log (Qt/Q∞) is used 
to calculate n, while k is calculated from the slope intercept; k is dependent on the 
structural features of the material and its interaction with the solvent, n is the swelling 
exponent used to determine the diffusion mechanism, and t is the time.   
Diffusion mechanisms can be described as Class I: Fickian, Class II: non-Fickian, 
or anomalous transport and are classified with the calculated value of n from the previous 
equation [394, 398].  If n = 0.5, the diffusion is Fickian, where the rate of diffusion of the 
penetrating molecules is less than the relaxation rate of the polymers.  If n = 1, non-
Fickian diffusion is occurring where the rate of diffusion is much greater than the 
relaxation rate of the polymers.  If n is between 0.5 and 1, then the diffusion is classified 
as anomalous where the diffusion of the solvent molecules and the relaxation rates of the 
polymer are similar.  
Table 24 summarizes the n and k values for the three crosslinked films.  While all 
three compositions can be classified as having anomalous diffusion, the n values decrease 
towards a more Fickian-type diffusion process as the percent of cellulose whiskers 
decreases, with the n value of the 25CNW film, 0.52, smaller than the n values of the 
50CNW and 75CNW films, 0.56 and 0.57, respectively.   The k values indicate that the 
50CNW and 75CNW are similar structurally while the 25CNW film is significantly 






Table 24.  Diffusion mechanism (n) and k values of crosslinked nanocomposite films. 
 
 
 naverage (±SD) kaverage (±SD) 
25CNW 0.52 (0.13) 1.11 (0.26) 
50CNW 0.56 (0.059) 0.44 (0.030) 
75CNW 0.56 (0.14) 0.39 (0.16) 
 
The transport, or permeation, of a solvent through a material is dependent upon 
both the rate of diffusion and the absorption capability of the solvent.  To determine the 
permeability the diffusion coefficient and sorption coefficient were calculated.  The 
diffusion coefficient, D, describes the rate of diffusion through a specific thickness 
dimension.  It can be calculated using the following equation when the sample is 






Where Qt and Q∞ are mole percent uptake of the water by the material at time, t, 
and equilibrium, respectively, h is the initial thickness of the film, D is the diffusion 
coefficient, and n an integer.  As a short time limit can be applied, the short-time limited 







Where h is the initial thickness of the film and θ is the slope of the linear portion of the Qt 
vs t1/2 sorption curve [385, 387, 389].  Table 25 summarizes the average film thicknesses 
and diameters at time zero and equilibrium.      
Overall, all three film compositions increased in diameter and thickness after 
immersion in water at their respective equilibrium uptake times (Table 25).  The 25CNW 
had the most significant changes in thickness with an increase of 147%, while the 
50CNW and 75CNW showed more moderate thickness dimensional increases of 84% 
and 62%, respectively.  These values were then used to calculate the diffusion coefficient, 
D, for each film (Table 26).   
 
Table 25. The films increased in both diameter and thickness between the initial pre-
water dimensions and the time where the films reached Q∞.  
 
 25CNW 50CNW 75CNW 

































































Where Ms is the mass of the solvent at equilibrium swelling and Mp is the initial mass of 
the film [396].  The sorption coefficient for the 25CNW film was nearly 10 times the 
sorption coefficient of the 50CNW film.  The 75CNW film had the lowest sorption 
coefficient of the crosslinked films as in Table 26.    
The permeation of water through the films can also be characterized using the 





Where D is the diffusion coefficient and S is the sorption coefficient already calculated 
[396].  Diffusion coefficient is dependent on the relaxation of the polymer chains whereas 
sorption is a surface phenomenon dependent on the affinity of the penetrant towards the 
substrate. The permeation coefficient gives an indication of the steady state rate of 
transport of the penetrant (water) through the polymer films.  Table 26 summarizes the 




Table 26.  The diffusion coefficient (Daverage), sorption coefficient (Saverage) and 








The permeation coefficient values indicate that water is able to traverse the films 
at a greater rate as cellulose whisker content increases.  This is shown by the data where 
the 75CNW film permeation occurs at a rate ~9 times faster than the 25CNW film and ~6 
times faster than in the 50CNW film.  Correspondingly, the diffusion coefficient values 
also increased as cellulose whisker content increased, where the diffusion coefficient 
value of the 75CNW is ~98 and ~6.5 times greater than that of the 25CNW or the 
50CNW, respectively.  Dufresne and Cavaille also observed a similar trend where the 
diffusion coefficient of starch-poly(styrene-co-butylacrylate) latex composites increased 
as the starch microcrystalline content was increased [399].  However, when a 
microfibrilcellulose-gelatinized starch-glycerol composite was evaluated for water 
diffusivity, Dufresne, Dupeyre, and Vignon found that the glycerol inhibited the diffusion 
of water through composite, resulting in lower diffusion coefficients when compared to 
similarly prepared cellulose-starch composites without glycerol; for example at the 30% 
cellulose content the diffusion coefficient decreased from 1.65 x 10-8 mm/sec to 5.25 x 
10-9 mm2/sec [400].  While the influence of the increase in concentration of the 
Sample 
Daverage 







(Std dev)  
(mm/sec) 
25CNW 3.270 x 10-6  
(5.593 x 10-7) 
9.635 
(3.845) 
3.224 x 10-5  
(1.725  x 10-5) 
50CNW 4.897 x 10-5  
(6.128 x 10-6) 
0.9315 
(0.03752) 
4.577 x 10-5 
 (7.420 x 10-6) 
75CNW 3.205 x 10-4  
(1.328 x 10-4) 
0.9864 
(0.4082) 
2.8476  x 10-4 
 (6.671 x 10-5) 
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hydrophilic PMVEMA-PEG polymer matrix could be attributed to both the comparative 
greater sorption coefficient and lower diffusion coefficient observed in the 25CNW film, 
a second factor appears at play in the comparison between the 50CNW and 75CNW.  
While both film compositions had similar sorption coefficient values, the diffusion 
coefficients were an order of magnitude different.  This implies a difference in the degree 
of crosslinking between the 50CNW and the 75CNW materials.  The Flory-Rehner 
equation was applied to the experimental data to determine the molar mass between 
crosslinks and the degree of crosslinking of the 25CNW, 50CNW, and 75CNW films.     








Where ρp is the density of the film, V is the molar volume of water, ϕ is the volume 
fraction of the film at equilibrium, and χ is the Flory-Huggins solvent interaction 
parameter [396] [312].  The density, ρp, was calculated using the theory of sums of the 
individual components where the densities of the whiskers, PMVEMA, and PEG were 
1.60 g/cm3, 0.977 g/cm3, and 1.0926 g/cm3, respectively [401] [402] [10, 335].   The 







                                                                                                                                                                                                    
 
Table 27. Calculated theoretical density, solvent interaction parameter, molecular mass 




, ρp χ Mc  ν 
25CNW 1.14 0.53 504182 3.41 x 1018  
50CNW 1.30 0.70  277  2.86 x 1021 
75CNW 1.45 0.64 971 4.35 x 1021 
    
 
The crosslink density of the films, υ, was determined based on the estimated Mc using the 





The estimated Mc and ν for each film are shown in Table 27.  The 25CNW film has the 
largest molar mass between crosslinks, implying a relatively light crosslinking density 
and which explains the difference in equilibrium water absorption between the films.  
The 75CNW film has the next greatest molar mass between crosslinks, while the 50CNW 
film has the lowest molar mass between crosslinks, 971 and 277, respectively.  This 
follows the equilibrium swelling value order.  The results are explained by the Flory-
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Huggins theory which describes the equilibrium swelling thermodynamically as the sum 
of the effects that the free energy of mixing, elasticity of chains, and the ideal Donnan 
equilibrium.  As crosslinking density increases, there is an increase in the number of 
junctions within the polymeric hydrogel.  This decreases the elasticity ability of the 
polymer chains to move in response to water diffusion, resulting in a decrease in the 
amount of water the hydrogel is capable of interacting with and thus absorbing.   
Xia, Patchan, Maranchi, Elisseeff, and Trexler determined the crosslinking 
density of all microcrystalline cellulose hydrogels at 2-5% dissolved cellulose 
concentrations and showed that that the crosslinking density increased as the cellulose 
content increased [405].  The crosslinking density increased by 200% from the 2% to the 
5% concentration.  A secondary explanation, in addition to the influence of the lower 
percent of PMVEMA-PEG, for the lower Mc values of the 75CNW and 50CNW relative 




The swollen films were imaged through SEM by freezing fully water swollen 
films and then freeze drying them to retain the open pore structure where the water had 
penetrated into the films.  This procedure was successful and differences can be seen 
between the fractured edges of the crosslinked films are compared.  Figure 58 shows the 
SEM images of the fractured edges of water swollen films contrasted with the edges of 
the original films.  The open pore structure that results from the swelling of the films in 
water is evident.  However differences do exist between the 25CNW and the 
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50CNW/75CNW films where it appears as though the pore size is larger in the 25CNW 
films when compared to the 50CNW/75CNW films.  This lends further support to the 
theoretical calculations of the molar mass between crosslinks being the greatest for the 
25CNW films and of similar value between the 50CNW and 75CNW films.  These pores 
were not observed with the non-swollen tensile fractured films (Figure 58c).  This could 
possibly be interpreted that sorption, diffusion and permeation of water into and through 





Figure 58.  SEM of the morphology of fractured edges swollen freeze dried 












9.3.3 Soxhlet extraction. 
 
Samples were soxhlet extracted with water for 24 h to determine the efficiency of the 
crosslinking of the PMVEMA, PEG, and whiskers.  The lack of intermolecular bonding 
has been attributed to the large percent extractable fractions in films.  The 
25CNW/75PMVEMA-PEG and 50CNW/50PMVEMA-PEG prepared films retained 
similar percentages of the starting film mass as shown in Table 28.  However, the 
75CNW/25PMVEMA-PEG crosslinked film was shown to be not very efficiently 
crosslinked as just 32.3% of the starting mass of the film was retained after extraction for 
24 h.   
A 50% whisker-50% PMVEMA crosslinked film was prepared according to the 
same technique as the other films and soxhlet extracted with water for 24 h to compare 
the crosslinking efficiency with the 50CNW/50PMVEMA-PEG film.  The 
50CNW/50PMVEMA film retained 54% of the starting material.  This value, less than 
that of the 50CNW/50PMVEMA-PEG, indicates the role that the PEG is involved the 
crosslinking between the PMVEMA and the whiskers.   
Table 28.  Soxhlet extraction with water of crosslinked whisker films. 
Sample % Retained % Extracted 
25CNW/75(PMVEMA-PEG) 77.4 22.6 
50CNW/50(PMVEMA-PEG) 72.6 27.4 
75CNW/25(PMVEMA-PEG) 32.3 67.7 
50CNW-50PMVEMA 54.0 46.0 








The three formulations of PMVEMA-PEG-cellulose whisker nanocomposites show 
varying water uptake kinetics.  However, all three composite formulations demonstrate 
anomalous diffusion characteristic, with values of 0.52 – 0.56 showing a slight Fickian 
influence.  The permeation coefficient describing the movement of water through the 
films decreased as cellulose whisker content increased, from 3.224 x 10-5 mm/sec 
(25CNW) to 2.8476 x 10-4 mm/sec (75CNW).  The Flory-Rehner equation for determine 
the mass between crosslinks was calculated using the experimental data and showed that 
the 25CNW had the largest Mc value, followed by the 75CNW and 50CNW 
compositions.  These results confirm the T2 relaxation results presented in Chapter 7.  
These results help to understand the ultimate water absorption characteristics of these 
PMVEMA-PEG-cellulose whisker nanocomposite materials for future utilization of these 










CHAPTER TEN  
CONCLUSIONS 
  
The work presented in this thesis details the results of crosslinking lignocellulose 
based materials with poly(methylvinylether co maleic acid) (PMVEMA) and 
polyethylene glycol (PEG) to create water absorbing materials.  The lignocellulosic 
materials chosen were ECF bleached softwood kraft pulp fibers, ECF bleached birch 
kraft pulp fibers, and cellulose nanowhiskers (CNW).  In Chapter 4, ECF bleached 
softwood kraft pulp fibers were crosslinked with PMVEMA and PEG in situ using both 
microwave and thermal initiated methods.  The microwave assisted crosslinking method 
demonstrated a decrease in reaction time from the thermal reaction time of 6.5 min to 
1.75 min while producing crosslinked fibers capable of absorbing water.  The resulting 
crosslinked pulp fibers were evaluated using equilibrium swelling for water absorption, 
water retention, and 0.1 M NaCl absorption and retention values.   The microwave-
prepared hydrogels absorbed similar or greater amounts of water than did the thermally 
prepared hydrogels, 40 - 125 g H2O/g and 30 – 85 g H2O/g respectively.   In addition, the 
milled pulp-based hydrogels absorbed 30 – 292% more water than did the non-milled 
pulp hydrogels. This suggests that the absorption abilities of the hydrogels have a fiber-
size dependence.  Chapter 5 continued the investigation by utilizing ECF birch kraft pulp 
fibers as the cellulose source in both thermal and microwave initiated crosslink process.  
ECF birch kraft pulp fibers were chosen as a representative hardwood pulp fiber and to 
compare with the softwood fibers with regards to starting pulp fiber size as the birch 
fibers are smaller than the softwood fibers.  The crosslinked birch fibers absorbed more 
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water than the comparative crosslinked fibers from Chapter 4, 40 – 200 g/g, 
demonstrating a possible size effect on the equilibrium swelling.    
Chapter 6 described the initial method of in situ crosslinking cellulose 
nanowhiskers with PMVEMA and PEG to form a film-like material which when 
immersed in water acted as a hydrogel.  Cellulose nanowhiskers were prepared via 
sulfuric acid hydrolysis of microcrystalline cellulose and characterized using AFM.  The 
cellulose nanowhiskers used were confirmed to have birefringent properties characteristic 
of the presence of crystalline nanocellulose whiskers and size dimensions of 5 ± 2 nm 
width and a length of 210 ± 75 nm.  The water solubilized PMVEMA and PEG were 
blended with the cellulose whiskers, solution cast, dried, and crosslinked thermally.  The 
crosslinking chemistry was evaluated using FT-IR (Chapter 6) and NMR (Chapter 7), 
ultimately showing that the PMVEMA binds to the cellulose whiskers and the PEG binds 
exclusively to the PMVEMA.  FT-IR was used to confirm an esterification reaction 
between the PMVEMA carboxylic acid and a cellulose alcohol group by the appearance 
of both the non-carboxylated ester peak at 1734 cm-1 and a carboxylated peak at 1587  
cm-1.     
The mechanical behavior of these crosslinked cellulose whisker materials was 
evaluated for tensile strength, strain, and E-modulus in Chapter 7.  As cellulose whisker 
content increased, tensile strength and E-modulus values increased.  The hydrogels 
exhibited increasing ability to withstand strain as the percentage of cellulose whiskers 
decreased, with the 25CNW conditioned at 92% relative humidity having the greatest at 
306%.  The mechanical behaviour of the crosslinked films was also dependent upon the 
conditioned relative humidity due to the plasticization effect of water.  This is important 
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to evaluate as future applications of these materials lend themselves to varying humidity-
controlled environments.  
Thermogravimetric analysis (TGA) was conducted of the crosslinked composites 
as well as the starting materials to evaluate the thermal stability and degradation reactions 
(Chapter 8).  The cellulose whiskers improved the thermal stability of the PMVEMA-
PEG matrix, and the Tonset values therefore increased as the whisker percentage in each 
formulation increased.  The Tonset of the matrix (0CNW) and whiskers (100 CNW) were  
149 °C and 206 °C respectively, while the Tonset of the 25CNW, 50CNW, and 75CNW 
crosslinked nanocomposites were 145 °C, 187 °C, and 219 °C, respectively.     
The resulting materials were then further characterized for water uptake where the 
25CNW absorbed the greatest volume of water, 9.449 g H2O/g, while the 50CNW and 
75CNW absorbed 0.942 g/g and 1.097 g/g, respectively.  The swelling behavior was 
further evaluated in Chapter 9 where the Flory-Huggins thermodynamic model of 
swelling and the Flory-Rehner equation were used to determine the molecular weight 
between crosslinking points.  The molecular weight between crosslinks was greatest for 
the 25CNW, followed by the 75CNW and 50CNW films.  The movement of water 
through the films was evaluated using Peppas’ Fickian power model and it was 
determined that the crosslinked polymers demonstrate anomalous diffusion where the 
movement of the water through the hydrogel occurs at approximately the same rate as the 
polymer chains elastically relax.   
Overall, these results demonstrate that cellulose-based materials can be used to 
prepare novel water absorbing crosslinked materials with unique tailorable properties.  
The cellulose whisker characterization helps to expand the knowledge of the fundamental 
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chemistry and material behaviors of in situ crosslinked cellulose whiskers, while the 
microwave assisted crosslinking of ECF bleached kraft pulp fibers opens a new avenue of 







RECCOMENDATIONS FOR FUTURE WORK 
 
While this has been an in-depth study on the chemistry and materials behaviors of 
cellulose-PMVEMA-PEG, there are several recommendations for future work in both the 
cellulose whisker and the lignocellulosic pulp areas. 
• Further study of in situ crosslinked whiskers is needed in the area of developing 
materials and films that are capable of regulating humidity, specifically 
investigating barrier and transmission properties of such crosslinked films.  These 
should be tailored to possible future applications, including biomedical or 
environmental packaging.     
 
• Further comparison of size effects on the performance of crosslinked cellulosics, 
to include both spherical nanocrystalline cellulose and nanofibrillated cellulose, to   
measure and compare water uptake properties and physical properties to cellulose 
whisker crosslinked CNWs.  Other crosslinking methods should be attempted 
with whisker composites with a focus to compare both “grafting to” and “grafting 
from” methodologies via thermal and microwave technologies.   
 
• Practical applied product development analysis of feasibility and capability 
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